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o '_'.Tms disseriaﬁon 1nvestigates the upper mantie disocntmulties bsneaih South Africa_ A

py analysing sersmic; waves, cunverted frcm P tia SV reccrded at an array of broad: R

PR AT

: b‘r;md seismometars Events With deswable charactenstii:s recorded at. each station"tf Cu
R a:atrans’i‘ormed to asuitable coordinate sysrem nﬁﬁ-ﬁaiised and stacked timnhancé_ e
" _“.r:'_.-'_:tha wes: converted phases Addutional Iow pass fli:ars ara also apphed to 1ri1prova_ SR

= !_the signal o noise characteristcs afthe data. RN RIS A

: Na data suitable fcrr processmg Wera found far staficns outsmie tha Kaapvaai Craton 5 L
Despite 'addltional problems reiatad to the application nf sub-cpﬂmum numencal’-

: routun es toa iimitad data base, i:y combining resuits thh those from an independent;_{ ; ) R

o - study two modeis were detived for the *400 km' and ’670 km' disccntinuitles beneath::_'_: L
. the Craton. Models for the '670 km' discontinuity accard with a simplitad global "

: earth mcadel whliemodelsfarthe ‘400 km discontmuity lndlcatethe presenca ofa ]Qw:-.ﬁ
. shesr velocity layar not supported in a global earth model. Additionai broaei bandj C

- saismic data must be acquired to mvestigaie this phenomenon further
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. The deep ‘structure of the lithosphers is a contentious issue with ‘many of fts
‘propertiss yet to be de ermtned properly, for exampte the depth to the base of the _
- lttheephere the degree of verttcai ancl hertzortta.l heteregenerty and the nature of the-".:.' _
B _mtertace With the uﬂderl?ing asthenesphere Thls dtssertation Lses: data trom the.‘_ o o
. Seuth African Ltthesphere Project an tndustry spensered preject mtttated to answer e
- queetlons such as theee ancl 1o deﬂne the deep structure ef the Kaapvael eratemc]- v

_ltthosphere and esthenesphere and thetr re!ettenshtps to the. surroundlng rrobtte o

- _beits

- The Ltthosphere Prejeet emp!oyed the 25 South Afrtcen Geelegicei Survey (‘%AGee) | ol B
:" .seismlc statlens artd 8 bread-band ﬁeld staitons spectally desngned for the project -

-(see sectren 3.1). These fermed a cembmed errey, covering most of the Kaaptraal' B _

* craton: extending inta the Namaqua~Nata! mehtle bett te record setsmic events in "
N __ "'generat telesetsmtc events were of greater utthty to the praject thart lecal (mme
mduced} eetsmtc events. Alj data dtecussed in this dtssertatton pertain to telesetsms-_ -
‘recorded Ly the broad- banci fteld stations whtch were eperatlonai betWeen May 1 988 : o
_"and December 1991 when the prejeet was termlrtated The: oneratton da*es of the-_ ERER

- elght stattens ere presented in tab!e 1. 1.1 whtte the locatlons ere shoWn in flgure_"._ R

-1‘[1

- Altheugh the. deta reeerd‘ ing aspect ef the pre;ect has termtnated et the ttme of )
“ -i'wnttng thie dissertation, pregress was sttll i:temg made with precessing ane_
: ': mterprettng data o cemptement work that has etready been cempteted Cempleted | o
o werk mcludes use of the spsctral ratio method to defi ine crustal parameters for gach -

of the elght t‘eld stattens (Mu[ler, 1991), & etudy of velocrty antsetropy using wave -
i pelartsatten cheractertsttcsfromthree eompenent grou 1nd motion (thnik f'tal,‘IQBSe) ) _
- and studies Involving P and PKP travel time residuals (Green, 1991a). * P-40-8 T



o convertad phases were also mvestlgatad Tndependently and concurrently wath ﬂma?j it
. present study - results are presented in Vinnik et ai (1993b} and ln an intemal; Foar
Unwersity af the W‘twatersrand clocument (V‘nmk 1992) e :

o _'lAlthough Jordan(‘lg?‘S) mdscatecl ihat the Ilthasphen‘e may axtend to a depth cf-:' -
Japproxnnataly 400 ki, ftis more generally accepted that it axtend.s ’:o a depth of anly S

o __-about 200 km Therefnre the f:urrent study fallf; outsuia the mam bnef of the o

e _"__I;thosphere project as it mvestigates upper manhe structures at depths of
R :{_'_approxxmatay 400kmand 6?‘0 km IR | |
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_Since thle pro;ec:t is cencerned With an lnveetlge.tien ef features below the accepted : e |
._ depth of the Ilmosphere/asthenoephere boundary, an in- depth understendmg of ﬁ'le' PR
- _surfaee geeiegicel settmg of the eight seiemlc stations is not reqwred However,_ '

- smce the research is pertly eoncemed with mvestlgatmg it varlatiene in the structures' :

of interest upper mantle d:scentlnuities at depths of appreximately 400 km and 670 N .
| ','._km correspond to var:a*:iane in the gross surface geology, ageneral overvlew of this BT

' geelegy after Tankard e al(1 982) IS presented

_ : Tredltlenally the Precambnen tectonic uruts that make up the etmcturel framework of'
| Southern Africa have been de91g nated as meblie beits er cretens Moblie belte were -_ B
- _"deﬂned as younger llnear metamorph:c belts whtch surround anment cratons 3
However, it has since been reslised that the Limpopo mebite belt Is older than the

C g -

- -adjacent Zlmbebwe and Kaapvaal cretens and is not a belt in the frue sense. RO

- A geoleglcat mep she\mng these provinces is presented in ﬁgure 1.2.1,

. Tankard st al(1 982) believe that cratons are the ﬁnal stage iri the life span ofa mobile"_ | -
 bett~in other words acreton is a mobile beltin an advanced eveiutienary stage - and N
prefer the use of the nengenetlc term provmce" to describe the: various tectonlc unlte e

e in terrns nf the present study, however *he dlﬁerence between a moblie helt end a
craton is critical, The Kaapvaal Craton i is an archaen craton while the Namagua Natal

. Mobile Beltis an exam]:le of proterozeic orogemc actuvuty Each of these has its own j_'
. geeleglcal and geophys:cal charactenstics as weuld be expected from crustal_ o

_' evoh.:tionery models (W‘ndley, 1964) For example e\ndence from heat flow data

~ (Jones 1987,1988) euggests areducsd Iithesphenc thickness for the Namequa Moblie

Belt wlth respect to the Kaepvaal Craton. The Kaapvaal Creten and the surrounclmg o

_- mobile belts must thersfore be considered in terms of their diffenng geoleglcal and =
g 'geophysice.i properties, This I& part ¢ of the reason why the seismic array transected .
. both the Kaapvaal _Creton_ and the_N_a_maqua _N_atal Mokbile Belt. Another aim of the o
- pre_sent study is to exarine whether_differenees inthe llth'o_s_pheric rmantle -cerrespeeq 3

1o any differences at depths corresponding to the upper mantle discontinuities.
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Tankard et al(1 982) believe that the seuthern Afrlcan crust has pa,seed through the . e

f:ve well deﬁned evolutlonary stages dleeussed beiow A more detalled chrendlogy.'._
of the crustal eveiutidn of Southem Afrfca ES reproduced in ﬁgure 1 2 2. ‘

| '"1) A.ohaen pre~crustai development whlch gave rlse td crystailzne masexfs ’ '_
represented by the Kaapveal L:mpopd and mebabwe provmces, IR o

2) Durmg the early Proterdzelc thlS basement was bured beneath the Iarge!y -

.'sedamentary cever of fdr example the Pongd!a, Wtwatererand and Transvaal -

 Supergroups, The Archean-Proterozolo boundary i oharactensed bya pened’ R

o of eratonic. stabnhzatlcm wh:ch resu;ted frdm a dedreased heat fiow and’ an SR

: '-_"-_-_:nereesed thlcknese ef continental crust The mtrusudn df the Igneoue"---'“ o

L -‘Bushveid Cdmplex alse occurred during thls pendd

3) A stage df F'rdterozelc drdgemc aetmty charar‘terlsed by mtense 0*‘099"}".'_

--‘-_m the southern and westem parts’ df the subcdntlnent ThIS peﬁed persieted__-.; :
o untll the start of the Phanerdzo:c and gave rise to the Namaqua af.d Natal!- .

. ':;4) The Gdndwana erais marked by a penod df abortnm rlftlng and cdntmental S

- _sedlmentatldn wh:ch resulted in the Cape and Kareo Supergrdups

) The-pefid'd -af_ter th.e Gdndwenaera s marjked-_by r"ﬁaes'i've_ 'seale ddhtihenteii -

r‘iﬂ'ing and the development of limited Cenozoio marine '_sedimentary-deeosits; o

Statrdn KEN wae sﬂuated on the gramtu, gneissee df the Ndmaque. provmce formed'_ o

o during phase 3. AII of the. other stations were situated In the Kaapvaal Pro ‘ince in:
geologieal enwronments formed durmg phasee 2,8 and 4, BPi was sited. dn the .

Witwatersrand Supergroup sediment 'DOU .and WAR were  sifuated on the-' o
| VB“"GP"C'WP Lavas, Ku and SAN were sutuated on Pretdrla Group ddldmltes, KAM I
was. situated on Kardc Dwyka and PIL was eituated wuhm the Pllanesburg deplex' o

 (phesed).
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- 13>°*etsmiclnvstgahonsof Upper Manﬂestfuc’fure S

'Much pprogress has been made dunng this century m deﬁmng the structure of tha"
' ’_earii' ai depth with- seismrc techmques ha\nng played a major role | in thls regarcl e

| F’resant day studlas ara c:entrad around examining the fme scaie structure of the

. _'__'earth‘s four main structural compnnents whlch are the crust tha mantle the outerl
'core anti tha lnner core._. E T SR |

B “Ev'idenﬁéidf 'theupo'ssibié 'éxiéteﬁ'cé'of upper-mantle discontinuities above 1000 km
K 'beneatil the sarth's surfaae has axis:ted sirice the 1920's, For examl:‘le BVB”Y(" 8z6).

| -_preduced evidence for a change iri the siupe of the travel time curve of P waves at
| ;_-‘ar epicrentral .zistance of apnrc'mmaitaly 20" in1926. Later analyses of [ wave travel o

f':fdata by Byer’y (1 935) reveal ad discmntinutties at eploentrai distances of apprommateiy L

_ ‘-"The resuits of addltionai stuf:i:es yleiding evidencsa for upper—mamie discmtmuitles o
' fmm this ‘Eime to the mld-i 930’9 when the ex:stence of‘ two discontinuities, oneata -
N : fdapth of approxlmately 400 km andthe other at approxlmataly 670 km was canﬁrmed.

o - ((Niaz| and Anderson(meis). Grean and Hales(1gsa) “Julian arid Anderson(1 068), -
R Archambeau et ai(1 969}), are sumrr‘arfsed by Anderson('igss) Today thesa'_ '

3 d|scantinuit|es are genesraliy referred to as the ’400 km’ and 670 km discontinu;ties ‘
these are the depths ascribed to them by most referance garth modeis for

L example the Prel imirtary Fieference Earth Modei (F'REM) (Dzuawonski and Anderson, ,

1931) An under.standing of tha natura of these dlscontmultlos ls crucial in the_ |
understandmg cf. mantle convect:on ‘and ItS |mpiications for many branches of the -
§ parth sc:ences S : . '

" "A!l of'ihe stddiés' during the 1960's eiieci abbvé embldyéd'séis’mcldgical'teéhni'qués o

o mvoiwng an anaiys:s of P wave travel times.. Because of this the '400 km' arid '670 o

km’ discontinulties were referred to as saismologicai or velouty discontinuities. If
'___thsse discontnnuitles manife_st t_hfamse_lves geophysicaii_y _there has to be _sorne-.'

"geolqgical_ transition oacurting at these depths - in _qthér'Wards"the_ra has 'té.i_ be an _- -

Rt



S 'i_nherériti}ch”angc”ih:' mantia 'mateﬁa: r._r‘ze'c_:r:_':‘gy gera_sfs' théfbm_:nc__iaﬁes;_ .

A

" . Much research has meen ccnductcd m an attampt to estabhsh whethcr these' | )
_ '_.bcundap ies are charaqtzterised by simple phase tranSIticns of a smgie bulk mantla_:‘ e
: materlqu (which lmp{ies a chemically hcmcgcneous upper mantle) or: whethcr the' _

' actua! chcmsstry of tha matsriai at thess, boundanes changes c!ther wuth ar withcut L L
< ar aS$cciated phasc ghange. Work in this field,; whir'h includes’ relactmg observed -

o -;'_Iabcrastcry rasults of phase and. chemicai transrt;cns of assumed manﬂe materials -

| '_(expcrimental petrclcqy) tc scssm;c cbservatxcns, Inc!udcs that of Anderscn(19?6),_’ o

' Leeq et @l(1983), Bess and Anderson(1984), Weidncr(1985)r Anr__:lerson and -

o .__Baséaﬁ 986), Mcada and Jeanlcz('l 990) and Shearer(‘[ 991)

| : _' Tha success cf any such analyses depand nct cnly cn the accuracy cf the Iabaratcry". _ a
'mamsuremcnts b ‘sc on thc cccuracy of the seismlc data and the analysns tharecf S

| 'Tha major brcahd.hrough in the ﬁeld cf scismic data acqwsﬂncn Is the advent of hlgh . o

 resilution, broad~band digital seismcgraph networks as discussed by Hcmancwicz?j R

- arzal Dznewonskf(‘tga?) and ina Scuth Afncan context by Grcen(1992)

_‘ 'i.f .

§ '_-Thc global inwerrsmn cf travel time and surfacc w:ave cbservatlcnc (se:smlc

-}_tcmcgraphy) althuugh reiylng cn accurate global smsmlc dataz. is a sngnlficant_3_

f'-'deavcmpment in: fhe tietd, cfseismic data analys;s in that it aliows fcrthrea d:mcns:onal, :
) |nversion and mcdelhng of the earth’s structure The results of such mvercwcns_? o

'_5|nclude those of Dzacwcnski ‘and Anderscn(1984), while chdhcusc and
"Dzrewcnski(‘l 984) and Andarscn(1 987) rafer mcre specrﬁcally to the upper mantlc -

. 'Thc prcpertles of the upper mantla disccntinu.tles WhICh are pertlnant to th;s study-

. (depth order and lateral vanatlcn) cannot be derived from the hmltcd data cf Icng".. B

" range. prcﬂ!es hcwever, _“Tc mest demands for higher resolutlcn and accuracy, |
- ""techmque of SEISmIC prcbing using Icng-pencd waves converted frcm Pto S wuthin" |

e ‘the mantle transition zone was devaloped and appliad to a few sets of selsmrc R
: records” (Fuchs at a! ;1987). This method was origmaiiy deseribed by an:k(1977) o o

| and V‘nnlk et al('l 983) and invclves thc fol!cwmg prccassmg prccedures' o

BT



o j-_“‘-'onset T e SR ;
o 4) Nonnalised events are stacked to enhancs tha weak canverted phases

| :--Events wrth suitable char&cteristics recorded at each stahun -are AR
__: transfcrmed to an orthogonal coardinate system contaming the princuﬁal axis,
| 2) Each »avent I$ nnrmaiisad by cmss-corrafa:tmg the campanent contammg e

the \ﬁgma!iy polarlsed shear anargy w:th the pulss corraspondgng to. the F"_'.f_' j'ir_-' o

s 5} Addstlonal lr::w pass fi!ters may be appiied tcr ?mp.rove the data’s Stgnal ta-i»f E

) .naise charéctarrsﬁcs

o G’thgr papers Wthh descnba use bf qu method (w;th possibie mod:ﬂeations) fcr a_l':

o vanety of applicatlons :nclude Paulssenﬁgss)_, Qiyuan and Kind(‘l 986), Sounau('lgss) o _' o

L ‘_Wajaman and. Saunauﬁ QB") ‘and'Kind and Vnnlk(‘] 988). ‘P-t0-S converted phases R

have. also. bean studiad prevmua,ly :n South Africa by GIChOWiGZ (Personal*':'_':.: | o

| _’_commumcataon) and by annuk (1 992) S Jt oo

-‘ "“_:uh-‘-.-

l

| :_Th:s dissertation descnb@ haw data acqurred dbver a thrae year par;oc.; hy thef._ E -
Lithosphera Project broad band statmns were used to irwestigatg p,_to_s chve - d T

U & '-phases fmm depths Df 400 km and 670 km Wlth an airn to gain lnnght mto the nature ', e
L of duscantmmties at these' depths for a vanety of gangraphlcal locaﬁons lt is stated o

" at the outsat that tha procassed data d:scussed in th;s dussertatlon ara nf hmlted ut;lity : o

" _'m understandlng the natura ofthesa dlscontirunties This wili became ewdent in the T

'“presentation of the results (section 4) whu!e reasans fof thts will be d;scussed in '53:- 

' sect:on 5

14



An understandmg of P tca S converted phaSes at any sensmnc boundary rgqulres an' 2 . S

o "_understandmg afsome elementary phystcs per‘amrng to tha raftec’aan and refractloni _: " | -
of elastlo waves, Datasied deso;;ptmns and’ darivatinns of equ:&t}ons re!ated fo the

- '_"theory of transmlsswn of seigmic waves acrcss a boundary surfaca elastic med:a'_.:__-'-_;.'- |
. are presen‘ted in most standard texts on selst Yo ther:ry, for example Bulten and.

Boit(was) and Ben-Menahem and Snngh('igsﬂ Ths purpesa of this. sectlcm lS not"

"_._‘"f'to repeat these descr;ptions but rathar to highhght some e of the 1mpartant concepts RS

211) Heﬂecﬂonandreframﬁﬂfsetsmwwaves .

| Ccns:der two homogeneaus madia M and M’ (aftar the notatnon of Bu!len and Bult o
o 1985) in weided ‘contact separated by a plane bounaary whlch is takari tc: ba L
honzontal (f:g 2.1 Cans:der the faws of reﬂectlon and refraction for plane waves ..

| "_'-(for example af wave) propagatmg through tha meduum M tawards this boundaw -

o Oi IS the arlgln at any polnt on the bour’{dary Ox,. and Ox:, pomts ncrma{!y inta the'_'- .
__medlum M Let Vp,, Vo, \Is1 and ng be the respectwa compressional and shaar SR

o -'-wave velocntles m the two media '

 itthe angle between the normal to the incldent wava front and tha nor'nal tc: Ox, s
by (the angle of Ihclclence) then the angle betwean the norma! to tha wave frant and-w“"- L

" the normal to Ox, for the reflected P wave Is also i, while thet of the reflected Swave .~

L '.WIil be :, The corr‘espcncimg an;,!e for tha rnfracted P wave (propagatmg in medlum o

M) s A and for the refrac:tad S wave Iz The reﬁected 8 wave and refracted P and S :

- __'S waves are a result of the mathematlcai condntscns whrch state:



o : _fiboundary on either sida are eq.:al

}3?&

o . '-_';'whare u and wi are the camponants of partlci,a mohon parailel to and perpanei'.cular'{- "
o the boundary reSpectwely (Howell, 1959). These cuadiions Imply dxspr’acament;_"_"-..-3.:'_" SRR

' '-'_'---_contmuity that is the sum of the motmns both parallel and perpendicular to the

. Figure 21,1 - Twe Media (M and M) In welded confact separatsd by a plane boundary.

fnd ns s

[P —



- _. By cenSIdenng Ferrnat’s nrlnclp}e or mere stmpiy Huygens pnnc:lple, a relatienship |
is. derived Whtch relates the cempressmnet and r*hear velecnties in medla M and M o |

to the a.ng[e that the respectlve ray path of the selsric wave makes to the nermal of - S

- _Ox., ThIS retatlenehip is referred to as S*'sell s iaw whlch states" o

S szn J.i ____;_._s:,n 12_ - ogin .11’ 311_1. ___13
EEREE U - N T

| The partitien nf the energy of the lnr:ldent wavf'. & ent at an mterface must be o
e _.-_een31dered This partition ot energy (or arnplltudes) is desanbed by the Zeeppntz .
| | B -equatiens Solutaons ofthese equattons generally yield the ampi:tude efthe ref!ec:ted S
o or refracted wave relat:ve to the amplstude of the i in md ent wave, Many papers whlch S
' present solutlons of the Zeeppr-tz equations for mcrdent P and 8 waves ae a set of o
L '-e:multaneous equatlens, fer example McGamy et al(1962), have been pubhshed_
" However as neted by "eung and Breule(‘l 976), many ofthese solutrons contaln errdrs" .
_;_orambrgmttes in thesagn eenventians used The problem was resolved by Halesand'-f.\" -
Floberts(1974) and the solutions as stated, fer example by Ben-Menahem and Singh
(1981) are assumed fo be correct W'th respaot to the present etudy itis sufﬁclent'-". e
to rlete that the soluttons to the equatlons (and consequently the retatlve amplrtudes S
| - and. energles of the reﬁedted and refracted phases) are dependant orily on the ' -
o parameters I:sted in equation (2 ‘I ‘I) and the densatles ef the two medla ecress the- ':'

. boundary

'Theeretlcal equations can be derwed for the cempressmnal and shear propagatlon |
| _velecities Ina medlum One such expressmn for these equat;ons as stated by Bul!en'

and Boit (1985) s as feltows, o

P

" where k is the bulk modulus ef tha medlum, i the rlgldlty and p the densrty Sincef" :
L theee parameters are all_related to the nature and the rheoiogy of the material -
| censtututmg the medtum, it is easy to understand W hy the angles of reflection and |

o

o e b A



o _"refrac*len and the relatwe amphtudes of the vanous wave phases acrass a selsmrc"_ S

- ;dlscontinuuty are dependant on the geo!ogscal conditrons a’c such a boundary

" "';':-The abeve dlscusswn pertams to 1 two homoganeous medla separats'd by a sharp R
- selsmic discontinuity where the chisacteristics of medium M change sbruptiytothose
' of M’ at the bourrdary Ox,.. Thls is ealled aflrstorder seisrmo dlscantmwtv Asecand_ S

_ | Qrder selsmic dlscontlnmty is one where the properties of one medm;n Change L

gradualiy to the prepertres c:f anether medium over a vertrca! dapth intervai U
. part'tlon of tne amplltude of the rncident wave front ecress ‘a second order '_ o
'-'_drscantlnwty can be anaiyzed by considermg a number of discrete, juxtaaosed R

seismic iayers or by numerrcal techn:ques iike the fmr‘te elernent method “For the | |

present dlscussron tha fnllewmg features ef the two types of dtscentmurty are_-'.'_"'_ T

relevant S o | S SR
. the amphtudes Jf the transmlﬁed phasee at 3 ﬁrst order boundary are-_ N
_-independent of the fraquancy of the phase ' :

e e.ecend arder boundaries. transmit lower frequencres preferentially The"-’f- o
mere gradual the transition the greater the attenuatlen ef the hlgh frequency'_ - |

o __cornponent of the sasmrc wavefront
N _2.1_;'2)_. T_rairéi time cqnéid‘ératidris’ »

A multrlayered earth as shown in ftgure 21 2. s now consxderad Startmg Wlth
equation 21 1 it is easy to shaw that: B ' '

- r, sin 1y _ Fa BIN 1, Iy 8in ..ij_ _
ey o VB o VP o

where ris the radnus from the centre of the earth tc any pomt on the SEISm[c ray and )
~ s constant for that ray known as the ray parameter. . If T 18 the travel tmefora =~
| '.selsmie av over an arc (ep:central) distance A then’ .

18




............

" Figure 2,12 - Selsmic ray in a multiayered earth -

Us;ng the deﬂni‘ticn of p cn equatlon 2 1 4 m’tegral axpressions relating 'r and & can S
- be derived. One such expressmn (Bullen and Bolt 1985) relatlng travel tlme to'_' o
- _eplcentral distance 13 as foliows, B : _ R

N

R T T T SR
o r=pA-.,+fz-f rimE-phedar o Zales

te



- 2-2)--‘-1%%@0"’:'-61‘ fhé‘-} Analysrsofmc-s C’dhvériéd Phaéé?s;ﬁ g

' _-wave) it § is necessary to enhance the s1qnal-to—noisa ratio by rotating the records 0
o anH and L cacrdmate system as discussed betow. It is alst: necassary to stack the o
o standardised H- component records of many events receaved at the same. "

=3
o
by

~ Visthe veloclty of the ssismic phase, r, is the radial distance to any point on theray -
ardr,is the aarth’s radrus Using defnltlon 21 8, equation 2.1.5 can be rewntten in - L
- '_the follcwing form - _ _ | |

S o o r, . N
. T= pﬁ_ +-2f-("'j"§""'%>'112 dr . o __..2,_1.__.7 ._

- 'ln sec‘tlon 2.1 the phenomenon of the polarlsatlon of the reﬂacted or transmitted S?.

| wava was ignored If the stress vector associatecl with the d[splacement across a " |

- boundary is cc&nsudered it is- apparent that an mcident P wave generaily g{ves rise to o |
reﬁected and transmztted Sy wa«es LBen-Me- em: and Singh, 1981) The notatlcn ,' |
. Sv s:gnmes a shear wave that |s polansed in tha vertzca[ plane ' ':

Hsnce an. anatysus of seismic waves converted from P to S at elther the 400 km or . |

670 km dlscontlnuity lnvolves tha detectic'l of lor.J psnod waves ‘converted from P S .- :
‘ta Sv at the rec:ewar side of the raypath from'a distant earthquake -Since the P- Sv. o .
phasa is general'y a weak phase (WIth energ:es of a faw percent of that of the P?

T L

selsmcgraph statton (Vlnnik 1977} S ek o L
o 'Considar athr_ee_-cqmponent seiémome_t_er na Gartee‘»lan coordinate 'syét_erﬁ (ﬁgura '_ o S




"2.'2..1)". o

_ o o o _ - Prmclpal darect;on of P—wcl\ra' |
Event ... .~ - o partlcalmotian : ' L

" ‘Radil directTEh _

- Figure 2.2.1 - Three companernt selsmometer In a Carteslan ooordinate system,

‘Components. X, Y, and Z correspond. to’ the '_aast/west,_'norj‘.h/soufh and ye_rtlcal:__'
* components respectively, Sv waves are best detected by projecting the particle
_motron onto an axis which Iles in the vertical plane contalning the prmciple direction

of the P-wave motlon and which is perpendicular at the same ﬂme o the principle _

dlraotlon (figure 2, 2) (Vlnnik 10-77) The denotation for this component is H(t) while
that along the pnncipie direction is L(}). If the emergent angle (the angle betwean_
the principle dr_rect{_on and thi radial compo_nant in the horizontal plane) Is o ,tha:_-r -

et



H{tf -R(t) Eln(e)-" Z;(t) cos(e)

= E N R(&) -xc::) c:os(AZ) = Y( & smn(AZ) e z 33

‘Principol Uirection

| Veri!cal C{)-rhpbn_eht:'. ﬁ L Component

| ._.H*;i’;’.!orhpﬁ.nent R

SHO L

vl . .’_(. Lo Radmgcomponent

ST R

 Fgure 2.2.2 Relationiship betweet: tha vertioal, radlal, principle and M components -~

- on

RETEE

S f_.fwhsra H(t} is the radial campﬁnent calculated fram the follawmg equation and AZ is o
| _tha back azimuth c:nf the event.g . ' S : _ L

L(t) R




N T L b A et e e ke i e g bt B e o il e - e e il L e i e v

o 'The pnnmpaj dlraction, dlscussed in cannectinn wit"\ equat[ons 2, 21 and 22 2 Is7
o essentially the direction of the P-wave ray path. The emergent angle scanbe .
o _'-'approxlmatad from tables, far examp!e that of Ben-Menahem and "ingh(‘isan (sae L ‘
| '_ﬂnge 3 36) in conjunctmn With an approprlate erustal correcﬂcm factor. fis - B
desimus howsver, to. calculate this. angle automatncally for: each seic:mic avent using_“ .

B the methcd of Husebye ot al (19?5) as qumed in Vinnik e etal (1953)

e=a1:ctan{-<R(t)Z(t)> / (2. **Zz(t)ﬂi

where < > dénotes av’erag'ing oVer'thé n‘me perio‘d nf thé P-wcws dui'a"tibn' This time

. perlod us easily estimated by examining the velaclty record of 'tha evant 2., zs tha'.

_ bigger roct nf the equaticm

B :_..(sz?‘fr:)_. _g- -4 H.e?('ej_ > -»M - ¥<'R'<.u>f-z_(t'>lw‘= =0

| --Ther H(t) companent must be standardised {0 account fcr the dlffarences In the”l

o aJ 198‘3) The standarthsed H(t) eomponent can ba expressed as follcws

-_-_'ﬁ'(t) .';_f'mt- T L) dc"_/. ft__:f(r‘c)}?dr oz

‘where t s now the time delay of the cross-correlation between H and L and t, and t,

T magnitudea and the source functlans ofthe varwus avents being analysed (Vlnnik ot

“sotrespond to the first-arrval time and the end of the P-wava train respeotl\rfeiy._ o

it Is assumed that the form cf the converted Ps-wave train Is similar to that of the

P-wave train then iocal maxima of the functlun H aqua! the amplltude ratio F‘,!P and

tha value of t, (t,,,,,) which corresponds to sach maximum le equal to the time intewal '

between the P and the Ps amvals (K!nd and Vinnik, 1088). Zero time on the

_-_crc;ss_c_arr_alatad ‘records s the time ccarwspandmg to the maximum of the

_autocarrelaﬂon of L{t), This time is determined by examimng the normal:sad
o autacorrelatmn functicm of L(t) | - :

23
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o .'Examination of ﬂgure 2 2 3 will clarify tha concapts reiateq to equatlon s 2 2.6 and | |
2 2 7. ' e

. 85I 14/09/90 (KLI) NORMALISED H-(t) AND L (1) COMPONENTS. |

1 CORREEPGA. . TO Pa f670Kmi . 1. .
o N \ 19 i N

'R

H - COMPONENT-

g wie w4 - 3R 40 48" 68 G4 2. B3| BE 8t 0F N e ogss 1ee |

J{L COMPDNENT Abmcuﬁﬁa_.mon-_ WAXIMUM)
- P
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. : |
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O B 1624 %2 A0 -\45 5a 6& ?z aa aa 93 :0_5 oo He 127 K3n |49
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" Figure 22,3 - Hélatianéhtpzsbét\?éé_'en t_ha'ndrr_nallsedﬂ(_t)- and ﬁ(t) é&n’p’bﬁent’s and b .



- ) .The trrne interval tp,. between the P end the Pe ernvals can tse determined trem :
L '_equatton 21,7 assummg that the. ray perarﬁeter p is the' seme fc:r both of these '
o phases This 1ime Interval is gwen by g

& x

f(-;;; i} pz}mdi f"?;"a ' E—;”'”dr 2.2.8

whers r,, is the radlus to the depth of eonversmn and r, ts the earth'e redtue

N -_Veleeitiee v, and V, een be taksn from any reference garth mede! for examp!e the
o IASPEI 1991 model (Kennett 1981). For: & tlxecl cenversion ttepth to, I8 strong(y R

) dependant on the ray perameter por the. epicentral dtstance ef the event The

N 'assumption that the ray parameter s the same for both the P and the Ps phases
_ resulte in the exact values ettp,being slightly | 1ewer than the estimates. However, for
- - upper rnant[e cenversrens the dtfferences ere ef the order of atraetren ef a eecond o

| '(Kmd and Vinnlk 1988)

“To enh’ance a’wa’ve cenv'ert'ed ata deptﬁ r' and g 'suttpress weve’re 'con'Verted at other - |
'depths the. H cempenente for many setsmtc events ceverlng a Iarge range of
spicentral dtstences are stacked for mct.vidual stations by a de}av and sum techmque_ o

| (Fuchs &t al, ‘198‘?) Stacking s another signal enhancement procedurs which is "

| :permis .able since the P-to-S converted phases are sensitive onlv to the discontlnwty S

.at depth near the recelvers (Shearer, 1991) The delay atl( ) is grven by

ﬁti (r] = ti (I‘) _tp(.rp). _ 212;9 :

 where b, Is t,, calculated for the p value of the ith svent and 4,{r,) 1s t, caloulated
 fora reference va!ue of p for an eplcentral distance of 67°. This reference value is .
s - used in nearly all studies dealir 2 wuth P40-S converted pheses queted in the
'- Iltereture and | is maintalned in the current study., Staekmg can be perfermecl fer a. |
variety of trial conversion (phasing) depths while the true depth pf ot wersion can be

found with much higher aceuracy using equatton 2.2.8. Oo*resgondence betwsan

. results using the twe rnethods would lmply that the cenverted phase is a true phase

%5

e e - e L



- rather than a p'rm:sfsjsmg zamm

iy These |dea$ wull becoma clearer in sectmn 3 3 when the data pmcsssing perfofmed
B during the current study is dlst.'ussed o |
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| 3) DATAACQUISITION AND PROCESSING. ~ ~

A detalled description of the data recording broad-band seismographs used during
‘the Lithosphers Project are presented In Green(1992).” This section will summarise

~ some of the salient features of the acquisition system (after Green, (1692) and ©
B describe how the data were extracted and converted to a form su:table for further R

: processing SN

E s;t.):-n:'-c‘eased Fi-ele_'eeeoreing_{ sysem-.

thh the excepttcn of stahon BPI sntuated et the Un:verslty of the Mtwatererand in ; o
- -__dohannesburg, alt the broad-band seusmographs ‘were !ocated in rernote rure{'--

- Iocatlons in South Afrfca away from sources. of selsmic: noise. Thls wasa problem

:'_ : m that these arees ere also removed trom rnains power wh:ch wou!d normally be -
requnred for persoriel ccmputere (Pcs), Ideal for the handhng and storage of Iarge_ o

-,'volumes of deta in order to overcame this problem and mamtetn the utmty of PCs

- afield portable sys‘zem Was deve!oped which opereted usmg a practlcai number of -

photovo!teuc oelis for power

The systern conststsd of ﬁve mam components

. A-Trensducers, -

S ' B- Compressron arnphf:er and anelog to digltal (A to D) converter .
C- System control and real time clook ) |

- D - Personal computer ancl

- E-Power _.souroe

 The transducers (A) were Guralp CMG3 Force Balance Acceleromsters the integrated o
o output of whtch produced a flat veioolty response from 0.08 Hz to 10 Hz. Analog o

- dlgital converslon (B) was performed using separate Ato D cards for each channel C

with the SeISITIlG signal boing ﬁltered using a tcur pole Butterworth fi lter prlor to
_ converslon Analog data compression was ueed to make eﬁ‘oient use ot a PC hard

| '_27



S - drwe qulte etmplyfeach dtscrete sensmic datum hed to be etered i 8 blt fczrmat wh;ie S
o yreldlﬂg large dyn‘am:e range and mamtaming data reliabmty to the 1 % error lovel, LA
| Usiﬂg an Bth-erder pnlynemial transfer function this was aehteved wh;le_.?_-

| _' slmuitaneeusly mcreeemg ‘the dynamic range to. apprommately 84 Db Detalls thhg - B
- 1-'_'_'data compressmn are gwen in Green (1993) ' o . o

- _- : | The transducers end the Atc: D eystem were powered centinuouely whlle the PG was -
] ;_'_:' _'enly powered up- when the acquisxtmn memcry on the AtoD cards wae 90% fuil ) S

:The memery dump cc-uid stere 28672 sammes and the t:me mterval between dumps S _

o . was 2007 seconds (83n1 ‘D?e} Thus, the eamp!mg frequencywas apprmmatelyms : )
. Hzylelding & Nygulst valus of about 7.1 Hz." After the data were dymped from the -~
- 'acqmsu’aon card fo_the PG, the PC. ‘was sw:tehed off thus: reducing power-

- -c:onsumpt:an, The trtggertng ef the PO was momtered by the eystem ::ontrol and real e » z
o "_tlma c{ock (C) ' o : o

SRR 'PGs (D) ferthe progect utthsed XT (8036) metherboerds and 42 Mb herd dlece When - | : o
© thediso contairied 350 files. (30 1 Mb) of data they were autemeﬁeally,dumped toa’
o tape streamer‘ Thls proeedure lasted *apprommatew 25 minutes and o;ecurred every - el
.8 ‘days. - In terms of the. 60 Mb capacity of the tapes ueed each stafnon had to be- i
T vfeited ever 24 daye Initlelly power (E) was supphed by wo seldr pfeneie chargmg " .
o eealed lead acid better‘es but this was changed to feur solar: panetls to evercome 0

prc:blems aeseeieted wmth prelonged evercast penede

[NOTE The system desc:ribed above was the system ueed to pnrecure tﬁe data _' ) ) |
'pertamlng te this dissertatmn. The newer systems (Green, (1996) and persone{\' B
c‘ommunication) are different in rnlany ways. The fundarnental method af acqtnsmcn" I
 and storage has. ohanged (fer exemple, 16 bit data sti:)rage wuth nq top campressxan' o |
' _-appl:ed) and all outdated electronles have been replaeed (80:386 teénhno[ogy, 200 Mb :

hard diece 500 Mb cartridge tape dumps etc)]

o '-In tenne of the present study the followmg pomte cencerning d:bia acqulsitnon are"- E
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B 1) No rec.ords su:tab{s for analysls were found fsr stations KAM KEN ::
" _and WAR. The poor data qualty at KEN and WAR is. almost csrtamly" R

asa result of. thsss stations bslng operational oniy durtng the. sarllsst:___.: R

: 3_'-phass of the pro;sct (table 1.1:1) when. initial teethmg probiams_j LT
B _'_dsscnbsd by Green(1992) ‘were. examined - and rsctsﬁed. Thess -

L problems included: battery fa:lurs due to Insufficlent solar pansls.' |

an '_mschan:cal and e!sctncal fax!ures in the transducers and, PC power, o o

-'HAM and disc fa:!ures e '

 The transducers ussd at statlon KAM were not Guralp‘ CMG3 fomé e
.' -Baiancs At:celeromstsrs as used.at the other statlons Thls a!rnsst s :
. csrtamiy rssu!ted in ths persustsnt fatlurs of one of ths chsnnels at thls: o
" station throughout its rscordlng history a problemwhlch has rendered . R

o -a}most a!l data from KAM useless for furthsr analysis

N _.'.2\ At PIL. tha nor'.thISGuth and eastiwest transducsr outputs wers |

-_ swoppsd over whﬂe at BP| ths transducer polanties wers rsvﬁ.rsed o

. regularly (prssumably whenevar msuntsnancs was performed on ths
station) Thers is also no. consistsncy in polarities from station to
_' statlon Tris can easuly be csrrectsd for when 1nd|\f|dual records for. :
N each statton are processsd and should be kspt in mmd shouldthedata - |
base be used in the future. Pd!armss for the events processsd in this '_ .
'study wull be presented in sectlon 3.4, '

These polarltlss wers estabhshsd by com parmg the P arnvals of ail three componsnts |
'for the staticms POU, PIL, SAN and B8Pt for an svent in the South Sandwich Islands |
-on 09/05/1990. This event has a clear, simple P anset for all stations (figure 8.1.1)
' _and a known source mschamsm denved from ths USG‘S Preilmlnary Determination. |
o of Epicsntres bullstm By cornpanng the P onset for each campcnent at each station, |
atable of relative pclarit:es wa* established By comparmg any sns stat:on wzth the - |
o sxpested polarity in terms of the sourcs mechanism a table of absoluts po{armss for .
~ thefour statlons was sstabllshed By convention comprsssional motson tothe ssuth .

29



o by pe‘ﬁarmmg a ﬁrs* mo‘uon weight drop test at BPl )

R '-.:_:__Oniy events vmth clear, szmpla P onsets indicative of good slgnal to ncusa (SIN)"?” S
L '-charaoterlsstlcs arg su}table for con31derahon in terms of P4o-S. analysls. Polaritiesfor -
s - such events should ba ascartainabie fmrn visual InSPeﬂtwn of the dewmpreﬁsedf' s L
o "_.records Far svents where tha onset is more uncertain in- nature two cnmpcnentfg:_-_. S
__hadographs should assist in estabhshmg the poiam:es {his is a more’ rigorous_'_f.'-f’. S
L methad of examining selsmic velccity data in a Gartesuan coordinata system)

- L T ha procadure was repea:ted far an event from the same raglon on: 14/09/90 where ) SR
: B the staﬂans KL, PlL, SAN and DOU were analvzed Hence the absolute polarittes for .

;. : all ﬁve statlc:ns that produced swtable data were derived During procsssmg (sactmn' | .

) 3). data frem each avent used ware chacked agalnst data from dlfferent stailons for":__ K o

‘the same event tc ensure that fhe polarities were conslstent e : :.‘ - * e

e
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- '_When the eurrent prejeet commenced data were extracted frern the floppy disce, the; o |
E | top eempreselen was- remeved and the deta were oenverted frem binery te Aee:__- o S
 format. Wth the current software events are dlspleyed en screen encl ere extracted L
simply by using the eurser to mark the begxnmng aed end pemts ef the ﬁle required &
: 'Deeempreesmn is perfermed alnemetlcally in the extre,e’c:on seftware in terms ef the' .' _- .
author's P4o-S analysis saftware the only prereqwsrce fer the Input files Is that the L

" Usingthe USGS - Preliminary Dutermination of Epicentres bulletin, identifiable seismic -~~~
. events were extracted frem the ﬁeld tapes and placed on s"*s of eenseeuﬁve floppy - '
. dises fer each etatlen These data were. !eter cembmed mte a eingle de’ca base en' S
E - a 386 DX PC. usmg software cemmissiened by the BP!. - L\ete which dete.ﬂed the_"._
. recarded events in terms of their geogreph;c and-depth locations, their magnitude —
. and clenty of the. enset of the arrival, were eentinueliy compited end Updated Th:s_ .
| mfermatlen was mcluded in the da’ta bese ' h S -

arrival onset is epprexlmately fourteen seconds after the startlng tlme of the file and s
thet at 1eest 2048 data pomts are extracted (see 3ec‘t|on 3 3} The extreeted bi"\ary__ o

) files. are . cenverted to Asc. ﬁlee eentelmng clate in e forme:t sulteble for- tha P-to..S : | '
: .enalysas software usmg the pregrem readﬁle exe. The eeurc:e cods for this pregrem B
o "(end all ethere used in- thls study) Es meiuded as an appenehx to th:s dtssertatlen '

The deeempress:en of the date menti uned ebeve end discuesed by Green(1 993) was o

one of the b:ggest prebleme associated with thls study; Data preceselng performed

during previous work completed during the Lithosphere F'rejeet was ot sen__el_tivr oo
the decompression algorithm used. This elgerifhm. which deconvolves the response
~ofthe peiyhemia! transfer function, initially neglected to account for the zera dift in
- E the Ato D conversion or the dc drift in the. empliﬂer (see Green, 1993) Henge all the
| onginel deta ':mcassmg dur:ng thls study was rendered redundent in. that the -
- deeompreesien had not been perfermed cotrectly. Once it was established thet the
. deeempreesmn was erroneous the problem Was expedlenﬂy resolved, Afundamental B
o -' prmc:;pel of sngne{ and data. precessmg was refterated by thfs example -the rehabﬂ:w-_ o



o '-.-of ’che nth data process is dependant on the relrahihty of the output from the (n 1)th L S

e 33) Data Prd;’:es_sﬂihg; :

:__'b;-:ta pracessing s 'syndhymcus ‘with “numerical processing in this ‘study.
; -Freprccessing produces for each evant tobe. analyzed three fileg (ona each for the - -

-__vertlcal nnrth/soutl'l and east!west ccm ponents) each containing a column vector of

2048 dlgatal time sequentfa! data. Processing mvolvés transformmg andmanlpulatlng S

g hese data acc.ordmg fothe theory of sactmn 2, 2 Henne th;s saction dasc:nbes how. . ._
RS '.each equatscn En sectlon 2.2 was 1mplemented as.a numerlcal rout:ne A!I praarams f |

" and subroutfnes dlscusssd in thls Sectlol'l werra W, stten in FOHTHAN 77 T hey were -

: compﬂed as 16 b:t executables andrun on 80886 PC As was stated irs sect:on 3 2 e

_ _al! source co Is hsted in the appendix

The main pragram Lll’iit for the P—to»S analysis soﬁware is called ﬁlnn. Thls pr’ogram - o

3 atlows the usar tﬂ call a!l subsequent processmg routmes These routlnes should be E
e fc:a[led in ssquent:al urder, the exceptton being the filtering routine i Itpc whlch can:- -
be called at any point in the processmg routs. & order to smulate the aCQUISI‘tIQ R
__ of data over g {frmi ed pass bagg all ﬁltarmg performed durfnrg th:s study was done

lmmedxately affer readmg the data lrrto the program. The data are raad i usmg

- subrouting. raram The data ﬁle must contam a colurmn of at Ieas't 2048 free forma;t o
teal numbel‘s The 2048 data po:nt’s ‘are needed bscause: the Fcurier fitering
performed in ﬁlter operatas on a'2048 point array The onset.of the P arrival should -
be apprommaiely at array address 200 (14 sfora sampltng interval of 0,07 8).. Once
 the data &re read in, an optian is avallable to display them in graphical form, sither
. on the screen or a printer. Velocity data read into param for an event in the South o
Sandwich i.:landa are displayed in flgurs 3.8. 1. Hardcapy fac:lities are :wallable for :

. al} data pmcessmg rouﬂnes

As 'm_entinne'd- :aEsove',_f ﬁlteﬁ_r"i_g can be peﬁdrméd‘ (simultanecusly on all data
~ components) in filtpe which calls routine filter, The selsmic trace is transformed




diécrétéiy into iha”FoUrier domain. wt*éré'it' is band pass fiitered. The transiion -
- betwesn the pass and the reject bands Is cwer one octave and takes the; form of & PR
".-cos squared mll»off The ﬁltered sessmlc trac:e s obtalned by transfﬁ:rmmg the
' j'.modif:ed spactrum back to the time domain Three pass bands wera amployed o |
o _durmg the current study cqrres;mnding tor S : .

) no fi%mrtng, . R
- u) a pass band bamean 6.1 Hzand 0 4 Hz and o
S ya pass band betwaen 005 Hz and 0.2 Mz, |

' Pass bands--ii)-.and"m) ara over two octaves, Filtered versions of the veiccity.recbrds o
‘shown in figurs 83,1 are displayed in figure 8.3.2. A crucial paint stated in the -
. previous parag-aph must be emphasised. ' Filtering was performed on the velocity
‘Fecords th'at Were réadintc:'tha prégfsx’m in order to simalata the aéquisﬂicn t‘:f'ldﬁgér o
__ | pericd data: Hance the: f‘lterac! stacked recards diaplayec! in seciion 4 are rotthe |
_- _result af simply filtering. the unfllterecl stacked records. The necessity and possibla'. o
o ramiﬂcations of ﬁltering the data i this manner will be d!scussed in sactlan 5, 1.

_:_chtlna veldis am:l it's subroutines cd’n\)ert the'VBIoéity récc:r‘ds to deplaCemiaﬁt" _
_-_records using numerlcal intagra'aon and a linear trend ramc:val Thig optlc:n was not
used during this study ' ' '

Flotrt perfc:rms Eular rotation on the north/south and aast/wast compcments 1o a _
radial/transversa coordmata system accordlng to equation 2.2, danda correspanding |

: equatlon for the transverse companent An example of this rc:tatlort s s@en In figure
3.3.3. The noisy nature of the transverse compcnent is Indicatlve of the rotatlon .
: having been performed correctly

‘Calee éalculatés'_. the -emergent.anle-acqcrding to equations 2.2.4 and 2.2.5, These
- equations caleulate an angle & for which the energy along the principal component

L ) 1) Is maximised. The rationale behind these stuations is Vary similar 10 the methad

o of prlncipal component analysis.

._34' _



' Rounne rotlh rotates the rad:al and vertlcal compcnents to tha H(t) and L(t) axes""
using: the smergent angle caiculater:l in calce. The result of th:s rotahnn is shown in o
_'figure 384 / | | B

"'Rcsutme cross perfarms tha fc:ilowung oparat:ons lt:traﬁsfnr:ﬁs‘ th“e'H(t) .“.a;rid L(t)"

| ';comporantaasfarequatxonsa2sand227 itperfonnstemporal shifting onthaﬂna%f_'_' -
arrays. c:ontaining the normalised H() and L{t) ‘components . such that the

. 'autoaurrelation maximum of the L(t) eomponent resides at array address 200 aridf it:-'

allows for thess final compenants 1o ba witien to a fle. The final resut of the single

o event prccasstng is dis;:layed In ﬂgure s. 3 5

B Program tps requires a !1ttle explanahc:n The pmgram calculates the delay ﬂme o
betwean the P and the Ps phases according to equatmns 2.2.8 and 2 2, 9. The cade -
'|s divided into three parts: - SR '

~P and S velocies are determinsd using the IASPEI o1 model (Kennet o al -

- 1991} at 10 Kk intarva!s from surface toa c‘mpth of 760 km;

. discrete numenca! integration is Used to calculate the tume delay for an._-' A

eplcentral d:stance of 87° using the derwed ve!ocrty fumetion; S _
. the time delay for & specsfsc event at a different eplcentral distance is then_'._

calculated The result for an eplcentral distance of 87° Is subtrac:ted to gwa'i- |

 the final norma]}sed_tim__e delay to be use.d_ n the stacking program pps_tack. o |

The user entered paramefer In tps Is the thecreﬁcal angle of incidence of a Pwave

- &t the base of the crust-for the epicantra! distance of the event. This ls used to -
caloulate the ray param eter p. These theoratical angles are taken from Ban~Menahem

and Slngh(1981) and are Incitided In table 8.8.1. The simplified IASPEI o1 velocity
- modsl used is shown In table 3 3.2, Tabla 345, shows the t,, delay of for an evant' Co
at 67" the 1., clelay for an svent at an epicentral distanc:e of 80° and the final tme

_da!ay 6t used ln the program pcstack

| | Prqg'ram; pQStack.dels,ys_ a_hds_u_msthe ﬂn.al ndrrﬁa!ised compaonents for each s‘h_atian.- :
- For each stack the user will enter & three character name of the station eg. KL and

-85
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o twe ﬁlenames nne fc:r ‘che list of H compcments to eﬁtack emt:i another for the.'-__';__' _' o
o _"'_correspondmg tsme de!ay files. For sach evert, for sach stacking depth the tempc:ralz_-" o
f-daiay is converted tc an array address delay wh:ch is applfed to the correspcndmg |
“H component, “The different H components aré then summed. for the part|cu1ar"-7
: phasmg depth Each H campcnent's origin time mus’c ba at array- address 200 whan -
s read into the prograri. Thcs e perforrned autarﬁaticauy in: muane cross - in?__'
_ . progra‘m filon as dtscussed prev:ously Twenty ﬂlas are’ autput from the program o
_ o _cnrraspondmg to twenty phasing depths fram o km to 760 ﬁm at 40 km intervats.’ oo
R Zera tlme fc:r the output f:les WIH be atassaonds. T T

o Seisgﬁz allows the ﬁnal stacked H componerits tc be dISplayad euther onscreencr

" toa printer, Examp!as of output fmm seasgrfz abound in section 4, Program stka67 o
S 'aUGWSﬂUtputﬂesfrom pcstackto bestacked For example, in section 4, all stations’
A -stackad results fcar a phasung depth of 400 km are aclded tagether to Praduce an'- o
- ':._additaonal stack, - : | U
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| - 'An event recorded at a statlon must have the fallowing two propertaes for it to be SR
;-su|tab'3 fnr stacnmg SR Sl o

o e c!early identiflabie, s;mp!e P onset

S - no paak H amphtudes ‘greater than 10 % of that of the nermalised L i

| compai ant for any phase nther than the lmtial F’s cmstal phase S

o __T‘hese properties ary raqulred to ensure that the mdlvidual svertts are “'hafactensad | :
o __._.by propmous s;gnal to r.oif.se uharactenstrc:s In addltlon tha facus. Gf the evant S
- should preferab[y be elther shallower than 100 km or deeper than 500 km to prevent' | |
' other selsmic PhaSES baing present at times corraspondmg to the Ps arrwals from tha: . : .
" :':-'discontinuatlas of interest o ; | _ o

_ - A Iist of events dlsplaymg the ﬁrst property was drawn up by the author Th:s list was o "
'_ 'madifiad on the bams of tha sacond property, by’*.’lnnik who worked mdependently_ e o
o ~ with the data (Vlnnsk et al, .anb) dunng the current study The ﬁnal list of e‘lents Lo
""'._stacked at aach statian m fris study presented in table 8.4.1 - is aimost ldentical to S |
~the final list used by Vinnik(1992). Table 3.4.7 lists the date, location; depth, .~
a epicentral distance and brack azmuth of each evem As dlscussed n seotlon 4. ‘i no _' '
o smtabte avents werex presant in the racords of stations KAM KEN and WAR,

The pelaratles for statlons DOJ SAN PIL, and KLl were constant These poiarlt:as -
' were, for tha vertical, north/south and east/west components respaotivaly

DOU- (41, =1, +1)
COBAN- (=1, #1, +1)
R R
| KU (=1, =121 |

The polarities at BPI changed regularly, as mentioned in section 8.1, The polarities
_ ' _Weré (+1, =1, —-1) for the first twc events listed in table 34 1 and ( +1, +1 +1)=.
~ for the othar ‘aur events ' ' : _
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- n recorded over the s

'__"'he pauc:ty of events suutable fcr stacking, as shown by the table ind;cates tha‘t the.___ b

" stacked resuits discussed in section 4, must be viewed with a great dleal of caution.

Oniy six gvents su;table fcr stacking wera faund for staﬂans BPE and DOU five for__’_- i
-~ SAN, saven for. PlL and nine for KLI. This must be campafed wnfh the appmmmatelyf_'_ .

- fourteen svents col!ertqu Hver aten g ar germ analyzed fer aach ofthe four stations_ S o

 studied by Vinnik et #(1983) in Furopa and North Amarlca and the'thirty six events.
& f\a pemd ucad by Kind and ’V‘nnnk(1 QBB) prhen examining the'_,. A

- 'Grafenburg recorc.@ i

Stacmng is a procedure peﬁormad tn enhanca true conversions and cancei out N _
; cbfuscatary random signal Because $uitable data were limiteditcannot be said wftb’ o

- arsy con‘idence that th;s was achiaved wuth the stacklng psrforrned in this study
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| The stacked results far the flve stations where Sutable data were avai'able ara -
o presented In this section, ‘As diseussad in secﬂon 8, 4 these results must be wewed o
in terms of having been derived from & Ilmlted data base, qu each station three 7

separate stacks are presented corrGSpondlng to the threa frequancy pass bands' :
 discussed in section 3.8 o |

- no fllteiing ( broad-band stack}
"+ 0.1 and 04 Hz ( lntermedlate penod stack )
and 0.08 to 0.2 Hz ( 1ong period stack ).

:‘__Flltermg is perfarmed on the data in order to improve its signal to. nolsa-
_ characteﬂstics and If sufficient good data are avallable. to prowde seme Inslght Into
B the order of any discontinuity ohserved, The RS values indicated on the stacks are

) the ralatwe scales usecl to plot the recordq 80 that thay appear simllar to the reader -

In s'tdditicnf' o -descr-lbmg' the phaSe's ccrtéépon_d’ingg- to ..pmséibl_e upper mantls
conversions, mention is slso made of the near 's'urfacé converted - phases
| | correspanding o a phasnng depth of 0 k. Althsaugh these hear surfaca phases )
 relate to depths c-utsldethasa of Interest considered | iy this study. they are discussad -

to astabllsh It there I any relationship betweer: neer surface and upper ‘marnitle

__features beneath a station These phasas also illustrate the utility of. analysmg
converted phases when suitable data are avallabls near surfaee phases ars much |

blgger in amplitude than antle converted phasesl henca, fawer events need o be

o stackecl to obtain conslstent results

. The hear surfa,ca conversions are dcminated by three phases "Jlnmk, 1992)

1) a Ps phase convertad at tha crust mantla boundary, |
2) a multiple of this phase reflected as a P wave atthe earth's surface, h
- 8) a multiple of (1) refiected as an S wave at the earth's surface,

" Thess phases are lilustrated as a sketoh In figure 4.1, According tq'\finhikﬁ'ge'z), for |
~sharp orust-mentle transitions the three phases will be of approximately equal

A g e 3 e



)

_ amalltude (note the négatwe polarty af the Ppss conve‘rsxoﬁj whlla for grackual or . . _
firragular transitms tha amplitude ef the phases ccrrespanding to the multiples will _.\' c
be raduced B

B - Ppm

© Figurs 4.1 - Relationship betwsen the near surface convertad phasss,

49
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o Ugg man’re convers]ang, - . : :
R S FiguraM . (broad “band s’mck) No avidence far any energy in this stack o
_ - either at a de{ay ﬂma of 67. 8s betwaen phasmg dspths of 560 and 720kmor |
ata delay time of 409 for phasmg depths betweean 400 and 500 km. These R “ _
two aress on the stacked recard correspand tc the 4@0 km and’ 670 km
dlscontmuiﬂes respeotiveiy o I SR T e
L -F‘gure 412 Untermed‘ate perlad stack) No energy abqva Iavels ascribabie s
o :"tﬁ S&I mlO nQ]SQ | L . . S : . _ :
-'Fsgure 413 (long penod stack) Ev]dence fqr SOme: enargy cnrrespondtng :
N -3 the 400 km discontmuity However; it is very diffioult 10 distmguish thiS
- energy from noise present in othar positrons in the stacked record

8
£

| 41)Resultsfor Si:atit;n_' BPI :

e

- In ﬁumnﬁém -‘ther’é- -arg 'nb_ bl’as"uf u'pper' :méntié phasas:détqétéble in' ahy.__pasé:b%d} S

-~ "_'_Figur\a 4, 1 .«; A élear crust-mantle Ps nonvertad phase is saen at 4 8s w:th an B
o amphtuua relative to the L. cnset of9 % (ﬂgura 41 4}, Acecrdlng to Vinnik' "
o --(1992} a relative amplltuda of 10°% cgrEbponds to shear wava velc:cuty -
o fcqntrast o‘r‘ approximately 1 km;s. The F‘pps phasa Is. awdent with tha same o
 relative ampnttsde as that of the Ps phase at 18, !:.s Na Ppss phase.js evident.. -
R A rogue r-onversian at 12 can oniy be ascnbecl to a progassing artsfaot' -_ :
B ' becausa of the high amp]itude assoclated with it Evidenca from the Ps and e

Ppps phasas undicatas a simple are Iayar crust wlth a sharp crust-mantle_ |

o transition

-
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*"Figure 4.1 - Result of broac-band stack from station BPi,
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 Figiure 4.1.2 - Resut of intermedliate period stack from statior BPI.
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a4, BPL-NO FILTERING. CONVERSION DEPTH =Okm . . .
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o ._Frgurs 4.1 b Naar surface convarsions for statfon BPI. This sta'-k corras;:onds to ncﬂttermg of a

. . the oﬁginal records and a nonversion depth of o km
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o Fi Qure 4. 21 (broad—band Stack ) Nn pnergy mrrespondfng to delay ‘tlmes:-.;:; o

o .:':_"‘of 40s and 87.58. Thare is ewdenca for energy above selsmic: noise. Ievels for . .
'Pha‘_siﬂg -.d.e_Pth be"we_,'?" 4.80- km__and 54.3- km at & delay fir_ne Qf approxlr[}ate_ly L

BBS,

o '.-.'.F'gure 422 (:ntarmedlata penad stack] Ene?gy at%SSS delay time 1s mora__ - .

e ewdent No other tlear potentiai mantla phases wsmle. :

 Figure 4.2.3 (iong period stack): Enargy peak at 55, 2s ata phasang depth o f' o
' '560 kmi is cleérly vns;ble The hrgh nousa levels assoclated with the rest ofthe' o
_Iceng parlod record Is’ d:sturbmg as it lndlcates the presence of possib]e_ :

. pmcessmg amfacts probably m-m;ducad hy the fiitermg pI‘QGBdUI’B

'_ . Z:-Table 33, 3 sncl:cates tha’c the trua delay time (relative to an eplcantrai dxstance mf o o
: .' '67") for a Cﬂnveﬁed Phase at 560 km should be approaamately 5as There Is: thus“‘
o o ev;denca fora discontinwty betwsen 500 kmy and 560 km be{ow DOU sifnce & phase. - _ :
. .: “is preaent In all threa paSS bands atthe correct phaslng depth for. the comact de!ay .
time : e R o

'. 'Grusta! conversmns -._' -

Fgure 4.2 4 Clear Ps phase \nsibla & 8. Bs w:th a ralativa ampiitude c:f 5 %'_' -
‘The F’PPS and Ppss phases ara also wel! deﬂned This imphes a Slmple cr"ust ali -

mcdel wlth the crugbmanﬂe bcundary bs:ng shallower than at BPl =

e e e .
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Figure 4.2:1 - Result of broad-band stack from station DOU,
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© Figure 4.2 - Result of Intermedliate period stack from station DOU, -
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 Figure 42,3 - Result of long period stack from station DOU. -
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of the orlginal reoor-ia and 8 oonversion depth of okm.

is stack aon-espandsto no f‘l‘ering .

[ -

[ PR



o '..:.F‘gure4 8.1 (broad«band stack) No mantie tl‘aﬂSiﬁOH phases dlstlngtﬂshabie'
- from selsmic noise are visiblein the stacked records. - S
~ Figure 432 (mtermed:ate period stack ): The records are verv noisy. There S

L is possubie ewdenca for a carwertad phase corresponding toa clepth f:of 560;_ it B

"'-"F‘gure 433 {ldng period stack) ‘I‘herr is no emdence for any phasa R

N cnrraspandmg toa depth of 560 km, hence, the energy In this area of the - e
| :____'____stacked record in the prevsous figure isa pmcessing artefact However, there" S

- isan obvmus phase ata delay time of 40s at aphasmg depth of 4001‘“" There_ o

' 15 alsa energy at 67 58 between 400 km and 640 km, however paak enargy is" ST

| ""'_at a phasing depth shaliower than 640 km consequently thls ls probably o

anothar processlng artefac'* '

: - _:"The iang perlad stack mdlcates the presenca ofasaismlc disconﬂnutty at a depth of'f R
. apprcximately 400 km beneath SAN There is. no consustent ewdence fc:r any other L

-.j"__mantla phases in the stacked records for thls Statian

. Crustal c:onversmns -

o

. :\-:‘ L

lgure 434 The Ps conversmn is CIearly avi’dent a? 5 18 wnth a relat!ve o

amp[itude of 6. %, The Ppps and the Ppss phases ara not seen in the near." -

o surfaee stack. The crusf benaath SAN is probably complicated :n natura

80
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' Flgure 432 - Result of Inténmediate period stack from station 8AN.
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- Flgure 4.3.3 - Result of long perlod stack from station SAN. -
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Flgura 4.3 4- hfear surface mnversions far statlon SAN This stack correspunds to no flltering
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Unnsr mantle conversmns B

: F“gure 4, 4 1 ( broad band stack) ‘There is a phass in the area of the stacked i’-' 8

- * records correspandmg toa dlscontml.uty near 400 km Awsll daﬁned anomaly o

L : 'w:th rsversed pularlty Is also visible at & dslay time just before 40s atthesame - .~
SR phasmg depth No s‘ther potantial mantla phases ars disﬁnguishable from-f. ': |

'noise

_Fgura 4 4 2 (mtsmsu”ate psnnd stack} The phass wnth nc:rmal polanty at.' N
40sis stlll ViSlblB Ths phass w'th rsvsrsad poianty is lsss well defmsd on thss_} R

" stack

| ) :'F'gure 443 ( Iong penod stack ) Ths Iang psrund reesrds are very ncnsy e

a Bsth phases evident in the: broa,d-band stack; are: ewdsnt in this stack Ths” s s

| complicaﬁed naturs of the' stack nsar 40s may be related to the natura of the' oo

L -400 km dnscont:nuny below PlL or to a procsssing artsfact

. 'A seismic discontinwty at 400 km below F'!L is mdicatsd Thls dascontinuity may be--" .
i _sompllsated in nature wﬂ;h a reversed poiarlty phass prowding evidence for a vsloclty .
" inversion near this depth Thsrs are smniantles in the tonq period stacks of PIL and

_ SANat 405 dslay tlme o

";.Crustal ccmvgrsuons T AR 4 o S

- -_Fgure 444 The Ps crust-mantls canversmn is at 5 43 wnth a relatlva ensrgy .
 of 75 % A phass preceding this is also present in the records ‘this ns_. S
| '_prsbabiy related ts an lntra-crustal discontinulty Ths Ppps and. ths Ppss o
phases are nat seen in the near surface stack A comphcated relativey daep__ o

o crust—mant!e transmsn is mterpretsd from this ewdsncs
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- Figure 44,1 - Result of broac-band stack frofm station PIL,
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_ Figufe 4.42 - Result o Intermediate period stack from station PIL, ~
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.. Figure 443 - Result of long period stack from station PIL.
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Flgurs 5;4.4 Near surface eonverslons for station PEL This stack norrssponds to 1o ﬁlteririg off B
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oo

£ '_;F‘gure45 1 (broad—band staek,) No phases cerre'spbndmg ’co upper marrtia ';' _ _' : |

o :dls@entmmtles ewdent inthe. StaOKEd recor. ds

o - Figure 4.5 2 (mtaﬂnedlate panod stack) No phases corraspondmg tn upper_3__'l--'.' - _ J

L _':manﬁs dlscont:numes svident in. 'the stackad recards

: ;gmﬂ.s'a { iong“ pemd sta&() There s some energy at 405 for Phagi“g"_"r S
- depthsbetween 560 km and 720 k. The rlelay ime and the phasing'depth .
 are disc urdant hence th|s phasa dces t1ot reprasent an upper//méintlef_;_:::__

'-'i'_"canvemon T T S AT

NQ ev]dence for upper mantle discontlnu’t;es i$ praserﬂ: in the ﬁacked records Qf.. _-::';;:;

statlon Kl.l

T

Crustai convarsions «

o F‘gure 454 The naar surface mnverslans for KLl are very disttnctwa The - Co B
- - - Ps phase at 4.8s w:th a relatlve amphtude of 7. 2 %, the Ppps phase at 18, as
ﬁ""-__-;-and the Ppss- phase ;at 21 05 are well deﬁned m the stackad record Tpe'-_:_ __ .
R -_'I’TllJltIplB phases hnvassmiiar energy to tha Ps phase Thls mfarmaﬂon implies o
& simple cruétal modal with ihe crust-mantle transmon at the same depth as P

_:-._'j'*stat]on BPL-
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~ Figure 452 - Result of ntermediate peried stack from siation KLI,
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49 Theso kmDscontnuwnewsﬁed

:An add:tiemal type of stackmg procedure was perfarmed to mvestlgate the 400 km '_ a
-~ discontinufty turther. The broad-band stacked records for this dlscontmulty from‘ T

diﬁarent stations were staoked togather, a }brccsdwe which has two effe ots: e
o 1) it mcreases the foid of the stack dramatxcaliy 2

2) it may, however, average out reai differenoes ex;sﬂng in the Stacks of the S

indiwdua{ recc:rds, e

o Three inc:hv‘ dual mmposute stacks are shnwn In ﬁgura 4. a a Stack of au five s tations SRS

 records; a stack of the records of SAN, and PIL and a stack of the records for BP), -

Ku and DOU The division was on the basls of statlons showing a clear phase &t 400. | e

- km (SAN and PIL) as opposed o ‘ihose showmg no clsar phase (BP!r KLI and

A double phasa of normai polarlty boundmg a phase with reversed po!arlty in tha*'f'

L '_:vlcini’fy of 405 is apparent on all three stacks.. Thls featura has two pos ib[e orlgmﬂ N
_ 1) The 400 km discontinuity Is compllcated I nature beneath all five statrons SR
2 An unusuai Pracesslng artefact has baen mtraducrad intcs the ﬁve B’taCKEd o

racords

i the first orlgin is correct two possmle tntarpretajuons are the presence of a double '

o dnscuntinunty or alow velocuty mverslon iayer at 400 K. The second interpretation- .

Is preferred sincs the two phases of normal polarity are most easdy lnterpreted e

_sndelnbas 1o an 1niercalated negativa phase. Tha relatwely short period csf the'
-_ -obqerved phase.a (Iess than 5 seconds) implies a. ﬁrst order seismlc hc:undary of

”whatevernature If the second origin iscorrectit|sunlik&1ythattheanginal unfitered -

- records used o produce the ﬂve gtacks would contazn processmg araefacts wrth such _ - "

L . tem poral "ansistency herce the effec* would have to be mtrcduced in ‘the dalay lme_ )

: staoklng procedura Th|s is also thought to be unlikely
g _Sim_ilar additional_'sté;iking proc:edu'res_ appljéd {o the 6’40_ krr"x records produ'c'.e'd'_rid o
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~ Figure 4.6 - Additional stacks produced for this 400 kmi discontinuty. |
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o A brlef summary of the obsewat:ans of the stacked results for the ﬂve statlons is

- L presented

__ " '_Tha star*ked records ara generally noasy wrth the nmsa levals increasing as tha pass o " =
' '_ :band s narrowed Thls tndlcates that the ﬁltars apphed to the data may have-'

_mtroduced an. unwanted slgnal to the ﬁnal records usad in the stack this, s
Esturbing smcefultermgshouid 1mprcavethesignal tonalse character{stlcs ofthe data.";;_-"_ .
L The pral'@lem is almost e:ertainly exacerbated by the Iaw foid of the stack caused by T
;the Iack m’* suitable records ' T

Despits the P"’b'ems mentioned sbave, the- fonowing Pu‘antxal uppar matle o«

o _' ='~disconﬁnuit;es were apparant in the stacked recards (SRS

) 1) A d:sContmuu‘y batwsen 500 km and 560 km beneath DOU

o 2) A complicated dismntinuity at 400 krn beneath PIL

.\-

8 A disc:ontmuity at 400 km bensdth SAN Thera ars smlarihes m the long -
o _penod stacked records at SAN and Pu_ lt ie interesting to no'te ’that thess- B

- stations are associated with comphcated crustal models,

' d) There is no clear discontlnuity at 400 km evident benaath tha statlons w;th - |
simple crustal models - KLI DOU and BRI, However, composite stacks
indicate the presancs of a compllcatecl 400 km discontinuity beneath these -

'_stations as appears to uccur beneath SAN ancl PIL. The penod of the phases .

: associated wlth this d{scontlnulty 1nd|catearelsrﬁvely sharp seismlcbr undary .
5 No evidence for a discontinulty at approximately 670 km beneath any'_ R

: 3 statlon was found




L 51)Memodgxogy o

o ; _To facihtate crltlcal assessment ofthe method emplnysd m this study. comparlson wzll EE :
| * be made with the results obtafned by V:nmk(1992) who worked independentiy and'--'- o S
'contemporaneously with tha same data. Aseiectnon of anik's rasults are presented o L

in ﬂgur'as 5. 1 1t0 5.1.8: Figure 51 1 shows the broad band stack fc:r station KLI

- figure 5.1.2 shows the fong perlod (i0s) stack for BPI and figure : 5.1.3. shows the o
- long period stack for PIL A surnmary of tha results from the current study and tha'_

- ..""._"."'rasuits from. Vimik's study are presentsd in ta.bie 5§22 in section 52.3. - what Is

) 'impartant at th,, staga ls awsual campanson of Vinnik’s resu!ts with those obtalned S

"f'in the current stud% -

o . f'iha broad band stacks far KLtare almostzdentlcal (f guré 4 5, 1 and ﬁguras 1. 1) The' :

pattam of ‘the near surfaca conversmns wrth mcreaSIng phaslng dapth and the Iack .

. ofdominiant mantle phases o bothﬂguras should benoted. The long. period stacks L

- for BRI -and P!L (figures 41.3 and B, 1, 2 and flgures 443 and 5.1 3, respectlvely) arP, S
" 'howaver, in both cases radicatly dlfferant Vinnlk’s Iong penod results are v:rtually_ R

noise free. A dominant revarsad pclanty phase at PIL at 400 km and a normal poiarity -

o _phase at BPI at 840 km are clearly visible, Similar dlfferences in the quahty of ‘the" S
 tlong pertod stacks between the ’twa analyses were observed at other statzons as wsll L )
I lt is assumed that aniks results are correct wlthun the known Imitatnons of tha -

data base, these. d:ffer‘arices can be accaunted for }n one of two ways: - S
1) The. data of the current study have been prncessed incorrectly, |

| 2 The methodology and PfOCBSSlng software used by mek is superior in its S

N imp'emantatinn

- ':Wth’tﬁ'e -exc';epﬁon of'minor differenices at BP, the crustal conversions at all five

- ~ stations wers identical in both’ analyses Figure 514 shows a broad-band stack for S |

_ only two events at BPI Wthh contained energy m the cross correlatad H companent :




only two events at BPl Wthh oon‘tained energy in the cross ccrreiatad H uompanent}

N - records at imés correspondmg wa discontmuity 2t 670 km. The well pronduniced . o
'_.,:"enerQY Peak at 6?53 between 640 km and ?20 km mdicatas thﬂt the stackmgfr_-'- i

_ _proeadura has been :mnlementad correctly The simliarlty ofthe ~mstal convarszons* -
 with increasing phasmg dapth m both stud:es at KL! conﬁrms th%s Thesa R
- observations indieate that with the exception. of the ﬂitering, the processung of the' ) PR

.....

'.--._}mdwudual records and stacklng were lmplemented correctly in the current study

© CONV.DEPTH (km)} = = L=

R _'_s':Hl'_r'-‘.f_'r_"._ 8y |

" Flgure 5.1.1 - Broad-band stack at station KLI after Vinnik{1962).
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| Therefore diﬁerenoee between the two sets of resu!ts oan aimoet oer’temly be eser‘bed- o

e to the umproved normaheation precedure‘implemented by V‘nnik(‘l 892). Instead of'} S

'oross-correlaﬁng the H component with the onset of the L oomponent each H

| component was generated in- e time domain using a fiter which: mimmised the._
N demped least. square dlfferenoe between the L oomponen’t of the P wave and a -

o -normehsed delta funotron Currously, the deteiis of this: processing methed with o

'_ ':-reepect to P10 S canversion anelysrs had not been publishied at the time of wiiting ©
this disserteﬁon The method clearly represents a dramatic rmprovement overthe -
o pre\nous orose»oorrelatron technique in that creer phases from 460 krry end G?G Km o o -
cari be observed in stac.ks derived. from avery. Ilrmted de:te base.. The orose_.ﬁ R S
. ”foorreletuon technigue clearly does not enharice these pheases euﬁrclently inthe -
S indwldual reoords henoe stecklng date generated wnth thfe method cen dehrlitate_ C

o -rather then enhanoe .he ﬁnal result

) ﬁ_ -No detalle of the t”lter:ng methodology emp{oyed by V‘nruk (1992) are pubhshed"_ o

e exee.‘pt that the pess bend was between 0 1 hz and 0.2 Hz (anlk ot al 1993b) ‘The E

o i Itenng performed in the preeent etudy oould oleerly be :mproved upon ftha reeults .
o ere oompared with those of vinnik. The author ﬁltered the raw velocity recordsinan
o aﬁempt to elmulate proceesmg data aoquwed over a iimlted pess bend The denger : -

with this is thei eny prooessmg ertifaot in‘troduced by the ﬁlter wll be propageted

K (end poserbiy omphf;ed) at eeoh subsequent processzng stege Wth hundszght H may' R
have been better to ﬁ!ter the frnel H end L oomponents just prior to stackmg Desplte.: o
this, no artifacts should haVF‘ been introduced by having too narrow apass band {two .

o ootavee), however, a one oetave mtermed;ate band Is poesrbly toe nerrow The_'

. prob!em with’ moreesrng the width of the intermed!ate bend is that more energy at_ o

. .-'unwented frequeno:ee wltl be present in the filtered reoorde This :e especreﬂy -
_ i relevant wlth the date under diseussion: where nearly aII the energy isat frequ:r"eies- i
_below10Hz B ' B o ' '

B More experlmentetton oould heve been done wath Buttemorth f Iters whloh ut:hse o
poles and zeros in the Zﬂ'ensform domain®. A ButterWorth filter a[lows for much

tighter ramps of the transter furiction. The:edvant_eges_of_thle would heveto__be offsst




- agamst phase problems relatet:{ fo ’these ﬁﬁars and the d:fficulttes often encaurrterad - : o

| __.m imp!ementsng them as numerical mutines ln additiom the authnr belsaves the__ S
o _eﬁectofthe fll'zering prolaiems on thefinal rasults is pmbably sman compared mtl'* the . ]
o _:_::.gffect of pmcessing a small data set wftn mfenor numencal pmcedures, S SR

o The above dtscuss:an must be wewed in Jight of the wark of Shearer(1 991) who used' DO
' data cdliectad over s ﬁve year pericsd from the Global Dlgltal Saismograph Natwork_ S
o :'to place uonstraints cn the upper mantie eliscontmwtlas. The refarencbe isa paragon ” ._
o clarity in that all seiechen and pmcessmg procedures applled 1o the dsta arg o L
described in deta.ﬂ Tha smqothxng parameters dISGUSSBd by Shearar, .whrch are
R applied m addztxon to standard ftlters, g*ould help explam the high nouse Ieveis m the o
~ “long period s*‘caeks The conclugions in this reference regarding the disqontinumas- .
. :.'of interest were also derlvea fram results pertammg to P multlples SH _m ""1taples and
88 precursors in con;uncﬁan w‘th P to § phases. Obwously, this ig--— R P
' _tothe resuits obtamed Even w:thoutthese addltionai constramts, the authmbeheves.'- S
;"-_-that tha results abtained in- th& current study cnuld be greatly improvad If the'.;__f' .
S _'-pmcwsmg was perfomled using, for example the I'IQ(JI’OLS method of Shaarer(‘l 991) = e
e The results of Vlnrnk(‘iQQQ) and Vinnik et al(‘lQQSb) prove this - unfortunately, no __
- detailed descrlption of the methadolagy emp!ayed In these stud:es has been_'- E "

o f’pubhshed

' #-Noréferencisare 'q'uotadwithr@s[:ectté data filtering. This topio Is covered in"moSt_,tei_tt_s“on n_urriéricéf' o
methads and digltal signal processing, for example, Kanasewich(1575), Kuc(1990) and Press stal{1002). -

_if idence . - w0




~ 5.2) Implications for the Upper Mantle Discontinuities.
: f-'5l_2'-"0=. The ifnéér—tancé of the upper 'mame;f-aiéemmese » E

| _. '_One of the mest debated eub]ects in the Iast 30 yeers is whether the earth s mentle

'-_eXpenences whole-mantle or two layer convection (Siive: etal, 1988). Whole-mantle

* convection’ models are supported by seiemeloglcal evldence of subducted oceanlci"

L __"-hthosphere per.etratmg mto the Eowsr mantie end the absence of geophysrcel ) |

o evidence for a large thermal boundary layer between the upper and lower mantle. o -

- Twe Ieyer oonvecuon g supported by observatlens of isetropic heterogeneity in the - L
an | mantle. An understanding of the. upper mantle dlscontinuities is of paramount'_ o
: ;Emportance in the understandlng of upper mant!e clynamles and 1ts |mpi|cat|ens for o

) __many branches of earth science mciudng the earth’e orlgin, plate tectenlcs and

o - _geochemlcal reset‘vclrs lf for exampte the dlscantinu:ty at approx:mately 870 km L

is characterised by an :sochemlcal phase transitlon whole-mantle convectqen is ) -
_'-‘_'_'implied while a chemical beundary (with or without an associated pheee change}-. o

_'-'lmplies two layer convectmn (Flingwood and lrlfune 1988)

- _Many arguments and counter-argumen* “ave been prsposed for the chemical and :

.lsechemlcai transitzon mede!s over the years Put s:mpiistlcally, a model assuming o .

1eoc:hemiea[ boundarles requlres a pyrohte mantle conswhng mamly of olivine. and R
_erthepyroxene wnth mmor garnet and dIDpSlde while a model mvolwng a chemica! S
o trans:tlon requlres apiclcgltlc manﬂe conslstinc: ef cllnepyroxene and garnet wnth legs -
olivine and orthopyroxene Ewdence, for and agatnst sach model is derived- fmm -
N many. sources -nctudmg cosmochemistry, _expenmental pstroiogy and setsmelogy I

o Cosmochemlsry ls concerned with mferrmg mantle composmons from compos;tiens_
observed in metesntes experlmental petrology is concerned w;th determlning | i

laboratory preperhes of assumed mantle mmerels at temperetures and pressures

expenenced in the rnantle whlle sensmolagy attsmpts to establish the actual"'- S

-':rheo!egleai properhes at depth frern sefemic measurements These techmques,'.. '

L succmctly descrlbed by Anderson(1992) and Wylhe(‘iegz). are lilustrated by the' .

_'__example in ﬂgure 5 2 1.
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‘

COMPRESSIONAL ~ VELOCITY -

0 © 200 . . 800 - 000

 DEPTH (km)

et ey e = s i - - T . o

_Flgu'm's.a A 'dalcdlatadldompfesslonal v'éioolties plotted "agaihs't 'éiépth far & variety of En&ntla

 minerals, The dashed lines corraspond tctypical selsmic velooity orofiles, Gaiculatlons onrresrmnd o :
toa1400° G adiabat The diagran reproduaed from Anderson(wszj Ilfustrates haw !aboratouy o

- obsarvaticna of mlnsral properties can be comblnad With msasured salsmic velocittes to cois ,rain_.__
mantle minaraIOQy o

A slmpliﬁed moc;_el of_uppar mantle rheolngy' wil_l' be disdu_ssed in the hext section

. (5.:2.2) while the relevance of the data described in this study to the discontinulties
~ beneath South Afrloa will be discussed in section 5.2.8. The historical progression of
 ideas and arguments relatin’ to upper mantle modsls will not be discussed in this

dlssartation, howaver ths {iteraturs quoted n sactton 1.8 can be consulted in this

~ regard, Ouite snmply, the limitations of experlmantai patroiogy anci restnctad o

resolution of iim!tecl salsmlc data mean that the issue cannct be rasc:lved
conclusnv«aiy '

o8e



_;_ 5-.{;2-.2) :cmem _iﬁiﬂkitgg,_m _.upﬁer_-:nj;antne'__ rheqidgyis_:'é- ,:Simpﬂﬂéd m__ge;;.; NS

'Anderaan(1992) desc:ibes a current moda! of upper mant!e mmeralogy,. The

' '_important upper: mantle minerats (wlth estima‘ted abundances in weight %) -are . e

.  _oliwne(37~51),arthapyroxene(26ﬁ4), clmapyroxene(‘ia—mand garnetn 0-14) These."' _
: rnmerais can be. represented as sohd solutlon series, for axarnple, the farstente a
. Mg,SiO,, + fayahta Fe,SI0, solid soluticm serles of olivine, A phasa d:agram for
'- thls senes wlth respect tca pressure {s presented In ftgure 5 2 2 '
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- alter Anderson(1 992) - : SRR : :



Ai hxgh pressuras, these mlnerals canvert ta denser forms wlth d:fferent crystal . R
-strucmres (solsd-sahdphaba ohangas) For exampleatadepth ofabc:m 400 km {13{_-1_ S

E -_15 GPa, figure 82, 2) olivine converts ta d Spinel structure - initia!ly 1o the 8 phase,_:_ -

B _._whnch is approximate%y 7.5 % danser than ohvme, while at graater dspths the ﬁ phasg o S

canverls ta the ¥ phase wh[ch 18 approxumatsiy 19 % danser than aii\dne,
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Flgura 5.2 3. Phasa relaticms in pura s.ugsm I'he phaaa boundarles ara for eonatant c:hemlcal
compnsﬂion and will move i impurities ks -ch a8 AI,O, ar Fsl.’:r are introduaed (as 1llustratad)
Dlagram after Andersonﬂ 992} '



o The effects ef temperature end preseure on the eryetal structure of MQSIGS are shewn_.' ) | o
in figure 523, orﬂwepyrexene, unstable be!ew 4Uﬂ km depth traneferme toa gernet: ) o '.

form ea&led majente at hzgh preeeure o

h _At strl! hrgher pressures (corresponding to depthe of eppreximately B?D km) -y-Splnel '_ o

N . 'eenapeee te u[tredense perevskrte and’ rnegnesiewﬁstlte strueturee Garnet and a

N ma;erite else cellapse te perovskrte structures at these preesuree (Andersen, 1992) o

Afew mediﬂeatiene are neeeseenr to this °imp]e medel The jurmp in eeismic uelocity B
o at 400 km Ie Jese than the jump preeilcted from a. slmple olivine 1o ep!nel end- o
o onhepwexeﬁe te majente pheee change The. preeene ’;f additienal mmerels, for .
exampie gernet and e-llnepyrexene, is required {Anr . 1992) 10 explain this'____‘
velocity jump, ~ Clinapyroxenie Is. stable at the opo s zransman region, but
. collapses - in. a menner simiter to erthepyrexene at Y te 15 Bpa ~to & gemet Iike. o |
'phase at abeut 500 kra, Indeed Shearer(1991‘ czeeer.bee evidenee to support thf-*;

o presenee of a weaker d;se:ntmuity et this depth

: 3Phai$e traneitlens in mantle materials generally occur overa large depth range (see :

- figure §, 2.2). Hewever. the 870 km discontinity -.+. 2224 Gpe ig a good ref!ec:ter af |

_geismic energy, {mplying a reiatively abrupt tr:a.i xsihen mrst erder dISeentinwty) This ;

. _evidenee may once again. imply that a ehemieal end phase trans:tlen eecure at thie L

-_beundary The depthtethie discentlnuity is also merevariable than the depth tothe
' 400 krn dleeenﬂnurty (Shearer, 1991) This result is in agreement with recent'
laberatery results ‘which indicate that “the Clapeyren elepe$ for the 670 ke
_dlseentlnulty s elgnifieantly larger in magnitude than the elepe for the 400 km
- discontinuity (Akeogi et al, (1989) - However, eauﬂon must be exercieed in |

| dleerimlnating between real differenices in depth to a dleeentaruity and eppe,rent )

| diﬁerenees which result frem heteregeneoue velecrties In the upper mantie (Sheerer, N

This model Is summarised in table 5.2.1. In saction 5.2.:3 the model will be examined
-~ In terms of the results of the analyses of P to § converted phases described in this

B9




. -_ma]orltaand olinopyroxsnato garnettmnsitlons | magnesiowiistite transition., Garnet and o
commenae. SPE R '___ma]anteto perovskutetranslﬂnns. y

i _-'.[noraass [ri SeISEﬁfé .vélnﬁlﬁl wifh- 'deptﬁ.- EE ..lf.l.Gf‘??‘SE in seismic velocity _wit_hr de_pth; -

: '_-_qultiva Glapeyron slops of Iower mag uda .- It C[apayron slope possibly nagatl\m wlt"i
'than that at a‘r‘o km. _' DT e ___relatimly larga magnltuden o :

study to establish (and hopefully expiam) any discrepancnes between the seismzc

observatians fr.:r the fwe statlons where suitabla data wera abtained and those implled

. - by the si‘mphftad globai model

mék‘ﬁ 570 km

olivma to spinel transmon Orthnpyraxene o -} Spinel to uliradensa perovslute and

_ 'F‘robable first ordet discunﬁnunty but notas _béﬁni"fei%arp"ﬂrs_t qfdéi"_discdht'fn_u__i_ty. o .
sharpasatamkm.__?. R - ) R SRR

© - Table 521 - Simpified giobal model pertaining to the 400 km and 670 km discontinuities,

- $- Tha CIapayran slope is ihe slope dTldP of the equmbrium boundar}r assocmted w"th 8 phaSa transiﬂon.
- For exarnple, in figure 5‘2.3 the majorite-pemvsklte boundarv is oharaatertsed by a positive Clapeymn' -
' siope while the 'fimenite! -perovsigit_e houndary Is ch_a_racteri_sed by = negative G_lapeyran slope, Knowia_:ig; '

. of the magnitude and slgn o the Clapeyron slope ie important In understanding upper mantle rheclogy. -




" 5.2.3) Upper mantle disconfinuilies beneat South Afica. .

~ The deseription of the geclogical setting of the Lithosphere Project (section 12) L
'_ Indicates that South Africa can be subdiivided into various provinces {crators and.
' -mobile belts) wh:ch exhtbit dlfferent geophysucal characterlstics. Datafrom the prolect_':‘ L

' suitable for Pto S anelysis ware only found beneath five stations situated on the -

Kaapvaa! Graton (sections 3.1 and -3, 4) Hence conclusions regarding the. uppar EE

. mantle dtsconﬂnuities beneath South Afnca can only be made with regard to the _' o
1 KaapvaalCratah K A o - ..

C There is no emdence for a d;scontmuity at 670 km beneath any statlon exammed in S |

-'-thts study. However, Indwidual records and the results of V’nnlk(1992) prcavide e
evndance 'far a phasa correspondmg to this disconﬂnulty anlk(1 992) descnbes Pl g L
108 conversmns at approximateiy 66s beneath BP!, DOU PIL anci K‘Ll ‘The delay - -

o time of sas is fower than that abserved in most stable platforms - this is Inclicative of - |
--anomalously high upper mantle Velomtlea The absence of a phase at SAN Is

| probably rict related to theological conditions at 670 km beneath this station but o

the paumty of sultable data acqmred at this stat!on, The comphcated nature of the

B _ crust and the "unusual complexlty of the sant’'s mantie undemeath SAN“(V nnik etal -

_ 1992a). may be s;gmﬁcant in this ragard The stacked results are not of sultable
: quality to maka lnferences about the orcjer of the 670 km discontmu;ty beneath any L

- Tﬁa'dis_cc:ritihuiiy at about 580 km-bena_ath DOU observed in the current siudy is

R problsmatic. ;_Shgarer(1991)' stated, “Incleed, it would be hard to find a depth in the | |
~ upper mantle for which & disdohtfnuity has not at some time been'brcposed“ “Many
of thess prcposa!s are probably based on processlng artifacts and this may indeed -
~ be the case for this phase at DOU. However, i) this discenﬂnuuty is clear onal
" stacked records produced for thls statinn, i) the station has simpte crustal and upper -
o mantle models which should nat compiicats the uppar rnantla convarted phasas, and

iy the dlscontm_u;ty at 670 P.m beneath DO_U is only visible in the results of
 Vinnik(1992) on & composits stack of three stations whereas a more clearly defined )
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phase is presant |n the lnd'widual stack at apprmdmately the same tlme and phastng -

depth as observed in the current stucly ‘This phase coild represent an elevated 670 .
: km discont}nu;ty or the ciinopyrumne-gamet transition at about 620 km. This station :' o :
‘ requires furfher ana}yses as current data laok suﬁlcuent temporal resolut:on fr:ar an_- o

unambnguous mterpretation o - L

- I summary, there are twa possable moc!als fnr tha 670 km disconﬂnunty beneath__--
__South Africa ‘ ' - ' co

=) The dlscantinuﬂy Is continueus wuth no var:atwns in depth

-2 The cfuscontmwty shnws Iateral variat:on beneath DOU This may be_ T

re]ated to the magnltude of tha Glapeymn slopa at 670 km

L Neither model is discordant with the global model presented inthe previous s 2 chon' e
. orprovides ev:dence for any relaﬁ""Shlp between the natura ofthis dlscontinuity and_ o
:'surface geology Coo | B | L

o Twu modeis ars imphed by stackad results fnr the 400 km discontmwty R
N This study provudes gvidence for comphcatad first order type disconﬂnuity AR

| 'without lataral variations beneath the stations studied. ‘The discorutunuity may
~ be characterlsecl by some kind of double boundary or alow shear veiomty "
' flayer “The later 'nterpretation is preferred (section 4.5),

2) Vlnnlk(1992) and V*nnik et al(l 993b) provude emdence for an anomalous'. " C -
low shear velocity zone at approximate!y 400 km beneath Doy, PIL and KLY,

. and 1no anama!ous structures at the sama depth bensath BF! ancl SAN

 Both studiels indtc-ate that the 400 K disconﬂnwty benea‘th the Craton cannot be

exp{amed in terms of the genaralused globat model presentad inthe prevtous section. -

'Partlai meits vaused by the mantle solidus temperatma being Icwered by a
dehydratlon of K-nmphiboie {Vinnik gtal, 1993b) is one pas s1bI axplanatlon of the‘_-- |

cbsewed phenomena The studies: diffar with regard to the Iateral variation of the'
discontinuity. Atthaugh the resuits of Vinmk(1992) are move rehable than those ofthe

- current study (section 5,1), the absenice of an observed anamaly beneath N ancl
L BPI rnust be exarnined in terms of the following o -




e '1) The stacks at these two staiicms had the lowest fard o

o '--2) BPI was sub]ect ta hlgh selsmm nmsa levels as {t ls situated in an urban £

- : area, E

| 7-_'3) The crust and upper mantie baneath SAN are comphcateﬁ thls ccruld'_ .

o easlly obfusoslte the uppEr mantle chvers:an pattern

" A d dltlonal data (beth \mth:n and out:s;de tha boundaries o‘fthe Kaapvaal Craton) ancl . o

- ...'__.addltzonal analyses of the current data are reqmred before 1t can be argued that the_-__ R

_ persastance nﬂateral heteru' Ene_fles at 400 km, in splte ofthe platemntlon. |mpiy ﬁ"ﬁ‘? C R
 endinaly at this depth constttutes part cn‘ the plate: (Vlnruk e:t 8l 199313) ol
| relatmnship, inferred from Pt s unalyses between ‘tha 40@ km diecontinulty ﬂ“d o r
: - | klmbeﬂ;ta magmai’lsm is ﬂure[y spBCUlaﬁVB at thIS Staga : _ Lo

'_ __The results cbsawed and mocleis obta:ned in tha current study a'nd the mdapendent T

L :stucly of Vinmk (1992) are summarlsed n tabla 5.2. 2




Current Study

V‘nmk’s Study

-

TTBR | N

' No phasa for 670 km Compilca.tad
| phase for 400km infered from :,
_'.-_cumpcaitestack B

. _. '_ :.._Phase for dapths between 500 and 580- ]
* | #em._Complicated phase for 400 W
;‘1nferred from campesute siack

:_P'-nasa for 6?0 km lnfarred frarn
compos:te stack Negatb.fe phase fcr § |

400 km

No phase for 670 km. Compllcated
L phaae for 400 km visnble.

_ No phasas correspondingto apper S T
) rnaritie dlsconﬂnuiﬂas S

CUPL

| No phsse tor 570 xm: Comp[icated |
| phase for 400 kmvisible, - o

1 Phase forﬁ’?o km Infetrad from
NE composrte stack. Clear negatlve '
- __phase foMOO km.

: Na phase fur 670 krn Campl!eatad
L phase for 400 kv inferred fram

o composite stack

. Phase torﬁ‘fokm[nferredfram N
- pathposite stack Nagatwe phase for .

400km

-Compl_lca_ta_d flest _prder_ _diéaohﬁnﬁi’&y’,- -

.'pi'obai:Ty bharaéteflsed by a low shear
' velqcity jayer: confmuoua baneath aﬂ -

statlons

| "Anomalous Iow shear velocity zane B
; baneath Doy, FlLand KL! Na _
1 anorr'alous featura benaath BPS and

--_' ' Discontinuity elevated baneath DOU to_ __
_ approx:mataly 560 ke, '

Gontinuous disuonﬁnulty with no
vanation in dapth

Table 5, 2.2 Sumrns.ry of results and models re!ated o the uppar mantla d:sconﬂnuiﬂes beneath e
Sauth Afr!ca Nsither modei for tha 400 km dl‘scunﬂnmty accordswith the g]obal mndal presented

m table 5.2.1

o4

Glear phasa for 570 km No phasa for o '
_"'-490 km R -



: '.'Thls research was undertaken to detarmma the clepth order and Iaterai variation of .

.'_the 400km and 87’0 km discnntinuities beneath South Afrlca by analysing Ptos - e
_ converted phases ‘and tc examine whether these propsrtles are related tc surfaceﬁ s
o .geology Unfnrtunately na data sultable for prccessmg wera found for statton KEN o

srtua‘ﬂad in the Namaqua provinca or. for stat(ons WAR and KAM s:tuated on the.'_

- Kaapvaai Graton Limited data sultable for prucessing wera found for ﬁve staﬂans - e

'-'_'_'aPz DOU SAN PlL andKu

_ "__:’_Stacked data from ihe f ve stahons anaiysed are no:sy especlally in the mtermedtate - s
y | '-'.-ancl iong peﬁod bands were the data. should ba characterasad by guod signal to | . -
- ~ nolss. charac:feristlcs ThlS is ascr:bed to the appllcatlon of suhaoptlmum f‘Iters and:*_; o _ j'_ﬁ'
inferior numencal routines durmg processing. Despltethls, by comblnlng results from SR
o '_thts study wuth thcsa from an !ndapendent study (vinriik; 1992} two poss!ble madels_ | .
. wera derived for both the 670 keri and 400 km- dlscontinuities Vanatmns in neither"{ .

o dlscontmuxty are chrectly ralatable to surface geology

s _ 'Two aitﬂrnahva models proposecl fcr tha 670 km dlscontlnuuy are o :
1) The dlSCOI’\’tanlty is Iateraiiy perslstent ata depth of appmdmately 670 km .

. beneath all stations;

o 2} The dlscont!nuuty is alevaied beneath statlon [}Qu m a depth of about 560"' R

~ Data indicatés that the’ first modéi may requlr'e the pr'e'sehc'e of 'a'm additiOnaI_j |
- dISCDnﬁﬂU!tY between 500 km and 560 km benaath DOU Both madels ara c:onsistent'_ o
o "Wlth a globaI madel for this transrhon and delay z:mes 1mply anamaiously high shear S

-'vetocitaas in the upper mant!e A

o Tha twc modals proposed for the 400 km dlsconﬂnuity are.

o 1) The dlscontmuity is comphcatad and probably characterised by a Iow shear'

o veimcnty Iayer beneath all statlons

e



2) T‘he dwcontmmty Is characterlsed by a iew shear ve!cclty ieyer beneath S

DDU PIL and KL!, only

R "Both models for th:s discentmulty ere anomalous when cempared to a glebai medel.':ﬂ S
_-.fer th!s trane:tion S S : S _ o

. The way to reselve the dlscrepancy between the twe modeis :s to acqwre more dete . o
. both’ wrthm and outside the boundenes of the " Kaapvaal Craton - th!s will. be | |
© ' discussed short!y The exlstmg data base sheu‘d also be reassessad and analysed o
L _' using a clearly deeumented methedelegy, for- example that of Shearer(1991] The' .
- _nature of the dnscentmuntnes c:ould then be reinterpreted in’ con;unct;cn with a
o consrderation of ether phases in & rmanner which is repeatabfe ‘Indeed, there 1s"_ o
. - probebiy a plethora of information extractable from the current data base re!atmg o
- _-many features mthln the earth. This informatlon will only be reahsed ifthe data base L

is made available te the scuenttfic eemmumty at Iarge

- 'Apert frem any |n51ght gleaned irite. upper mantle rheology, the study was ee'
h v&luableinthat certeln preblems regardmg the ﬂCQU!SIt!Qn and storage efbroad-band :
_seasm:e date were revealed The necees:ty fer mamtaamng a record of eccelerorneter -
- polantres end ccrrect data decempreeeion technlques are two examples in thls'.-.-f'-
3 regerd o _ . -

N It is hOped that thls lnvestlgation of the upper mantle discon‘tanltIES and other smdlee |
_ resultlng from the thhosphere Pro;ect Wili ﬂtimulate interast ln the estabhshment of __
- a broad-band selsmogreph netwerk covenng not only the Kaapvaal Craton but also |

adjacant cratcms and the surreundlng mebile be!ts _Results from ‘completed projects

. ‘could be used 1o estabhsh suitable station Tocations an apvaal Craton. For .~
- axamgple, this study indicates that the Iocailtiee DOU PIL e SAN warrant further :
: 'al'tentlon -~ Station Iocal:ﬁes in urban. areas like - Johannesburg (BPI) should be
 avoidett.- Because modern technelegy has a!lowed the tlme Interval between v:suts

to a station to be. mcreased dramatically, many of tha Iegustieal probiems associated .

. | with the Lithosphers Project can now be pvercqme, The following, however, must be o

borne in mir-i_d'wh_eﬂ establishing a b_road~band__netyveri<_'fer southem Africa: -

86




S _'"_,"i) Stud:es Fu.ach as this one require data suitabie fer anaiysis The problem B
s thetthe spethern African fegion is eituated inan aeeismic intraplate zonson .
 the African plate - henee suitable teleeeismie evente are recorded only rarelv o

N ) __in additlen the azimuthai distnhut{on ef suitable events is Very limited Even L S

T ionai events suiiable for crustei studies are rare.

_2) It is diff cult to stete hew long. each staflen weu[d need te recerd te

o '-:_:_establleh a suﬂ:abie dafa baee as this time period |e obv:eusly dEpendant en R

8 what the data wﬂi be used fer and glebe.i seismic @éil‘zlty For studies such ae S

thep resent one, & minimum of twelve suitable ever?f;s are desirable for reliable S

. B -_-results sven it robust data pl:ocessing fe{!hnques are empleyed, Th o crltena | :
B for a Suﬁable event are much mere reiaxed fer many ether types ;;.f study,- e

' '-_heweVer, fer exan“iple p and PKP travel time res:duais

s 3) Data must be menitered as they are acquired to eneure quality cgmm; tn - -1."j _' .
- th:s manner eny prebieme related to the acqwsrtion system can be estabhshed o

: and resoived

o 4) PI’CMSIOI‘I must be rnade fer eufﬁcient analyses to be perfermed Qn the-‘- R
:This study has mdicated thet the etrueture at depth beiow the Kaapvaai Craten is
- anemeieqe when eempared to & global medei ‘it may also be heteregeneeue wnthm-' o
T ihe boundary of the craton, To date, eniy fimited seismic analysee have been done S
- on the crucial ‘depth interval betwsen 150 km and 400 km, - Data acquired in the.
= | 'manner deecnbed abeve weuid be invaiuable in cemplementing existing data from : :
R rnany branches ef e earth seiences, meluding the vast bor.iy of gepchemicait andf
- |setepe data trom mantie peridotites and mclus:ons ln klmberlitee, to increase the -
nderstanclung of the. upper mantie The Kaapvael Craton is eisp heteregeneutIs in |
' terms of its cruete.l and upper lithesphenc strueture (Mulier, 1991) this heterogeneity -
_' ' mustbe :nvestigeied furiher, Good broe.d—band seismi‘.. data are the m data Whlch '
il previe insight into the various aspects of iithosphere ancl upper mantle strueture.' i
currentiy perpiexmg venpus explpratien and e,cademic concerns in Seuth Afnca. -

-
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© This appendsx contains a ilsting of alf Fortren programs and subfmﬂiﬂes usedin s

o study. Many of these were written wheh the author had just started pregramming RN
“and in retrospect could be tidied up and the coding improved upon. They have, -

| - however, all been tested extenswely and to the best of the author s knowledga work - |

. .'correctly The routinas are, in order c:.f appearanca' BRI

raadﬂle.for
-~ filonfor
- paramJdor -
 Hiltpedor
- fliter.for
Hifor
- bndder
. veldis.for
- integdor
. trend.jor
o folrtfor o
edleefor
- - rotlhfor
- crossfor - .
plselfor - .
. ipsJdor - .
- pcstack.ior
- seisgrizfor
' stk%? for.

_Rcutmea tps, stkase?, Pastack ﬂltar, bnd and calce were writtan bytheauthcr anly
Many. of the routines associated with the program filon were based on an carlier

"+ program by A Cichowicz® but are now extensively modified. The following routines -
~ written by A Cichowicz® are, however, virtually Intact: veldis, integ, trend and pissi.

- The program readfile was written by W Theron® who-also wrote the seismic data

~ - base package BPLEXE. The framework for the pragram seisgri2 was writien by G L

Gooper® - the author simply modified it to rerider its utility compatible with the current |

- stuety. The routine it Is taken from Numerical Recipes in Fortran (Press et al, 1992).
- The routine used here Is, however, the one gfven in the fi.rst edituon of the book
publtshed m 1986, - N . .

The funcuonanty of al progtamms (With tha obvious sxceptian of seisgrfz ywillbs .
‘malrtained if the graphic output facilities are commented out. The graphics dr[vers -

~ used in all programe are the Plot88 and Drive88 lipraries marketed by Plotworks Inc®,

' All programs were complled usmg a Microsoft .0 Fortran compiler on a 386 DX R

- personal computer

g depamnent of Ganphyslcs, Unlverslty of the Wlh?atersrand - L
'# Indepandent sotiwars writer, commlsslcned hy tha Bernard Prioe Inatilute. : :
'& Pintworka fnc. La Jolla, California. o L
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Program Fteadﬂla B

 STORAGEZ. | |
. $NOFLGATCALLS R o _
- &A program to read binary data from the program Bp| EXE and convart

cF'rogram by W Theron

¢it to ait Asci file with eaoh_component havmg the correct polarlty

character 20 filnam,namz

integer®1 dumimyt
- - integer*2 mode, dummya

© 7 integer*4 size -
' '-___raai sign valua

IWrite(* '(A\)’) ‘Enter required input mename‘ P

-_'_'.'_i_read(* (A filnamy - S
. . ngn(un]t=2lf]lé ﬁlﬂﬁm,fOM”’binary sta-tuS ‘.ﬁlo}dg)

write(* ) ‘Enter the required output flename’

C read((AY)nem2

- openldfle=nam®) . . -
-write(*,*) 'Enter the. pnlanty +—1 o

o raad(* *) sugn o

o 'read(a‘ mode”

 write(*,(14)) mode

. Appendixii

write(*, (AY'} "Mode (1 HcompreSSed z"de""mprassed).;_ R L

read(2) size -

write(*,'(A\) "Number of points ‘“ ﬂe‘ o : ._

L wiite(*'(4) ) slze T -
o write(®, "(A\)') ’Date(D 2 Y)
C 7 do 100 =1

. read(2) dummyz

S e, ’(i&\))dummyé :
100 e o
C write(®(A))" T

continue

L wilte(*,HAY) ’Time (H M*S) i
Todo 11018
. read(2) dummyg -
- write(, '(13\))dummy2
110 continue _

“write(¥, ‘(Aj’}' *

ddo 200 1_=1.8|Za S

i {mode.eq ) then -

read(2) dummyi.

dummy2~dummy1 N

endif

. If (mode.eq.2) then

read(2) dummy2
endif :

| '"'valua=s!g'n*ﬂoat(dumm92)



i | o - Appendix il
" Wﬂfe(‘* (ffﬁS)’} Valua S R
200 continue :

- closa(4)

- end
c;?_,mm-*;;m*,;*-*.,;;W;,#,ﬁ,,,,,,*,;;,;-*;**-;ﬁ - ;***}.**_" L

Program Fiion

G PROGRAMFORTHE ANALYSIES OF P 108 CONVERTED PHASES

- C RECORDED BY THREE COMPONENT BROADBAND SEISMOMETERS
C Prograrn by PA Cattermoie. basad ena program by A CInhowicz

o 'cThIs program operates on NLAST—2 data pnlnts Matnx size = NLAST
¢ for graphics purposes _ ) A .

'pafameter (nlastr—zcao)

- real V‘I (nlast). Va(nlast) V(nlas‘() WOHK(nIasi) WOBKQ(n!ast), -
o -.MAT(E*nlast-4),auto(niast} SR
- .-~ Common ftemp/vi Nzivsftamrﬂ Mcrk.worki’ﬂempﬂaum ST
L integer. plcmon,ploprl,nut,lparr L _ S
C _character fn*zo fr*eo -

e Constanis for plotBB lihrary

. &' humber of monitor = WGA) munber of pnnter —-5

. DATA plamonfs‘l/‘Phpri/s/,xmaxm/za 0{,ymaxwl/1 2. 0/

' chma and. y axis lehgths ‘for monitor- .~
- DATA tlengt/18.0/,ylengt/A.0f . 8
cT!ma and y ais for prm;er Is deﬂned in subroutine PLSE!

e Three seismograms of a recorded eVent are read inte three ma.'mces s
¢ In sub, PARAM. Tha selsmograms can be band pass filtered In -
¢ sub FFILT. Sub VELDIS sonvers the veloclly racord to a displacement
- ¢ record, Sub ROTRT calculates the radial and transverse components
c of the record while ROTLH calculates the component along the -
¢ principal direction and tranverse to it whera the smergent angle
- ¢is calculated in CALC®, The normalised cross cotrelated c»omponent
- o'HH Is caleulated in sutr. CROSS; The ratlonaie behmd this Is found
o in the reference of V‘rmlk (1 977) '

L0 00000

viez . L
v2-N. - R- H -
VE*T_ “'-HH ol
PARAM HGTRT F‘"“'RLH caoss -'-.sn‘.ibrairtihaf
 no=0 - |
¢ . humber. oftha 'nputﬂle :
- nf==‘l

7100 formai(a)



| _1_
o write(nrD*)" .

- '1'2'0 formatiS())

wite(ni0,120) - R
wiite(nr0;%) * Paocsssma OP’TIONS’ R

write{nrQ,*) ’ the time unit Is sec '

 wiite(nro,®) "' ' -
“write(nr0,*}* 1. readlng data and parametars of seismogram

write(nr0,*} ' 2 filtering In frequency domaln’

- wrktefn0,*} * 3. convarsion from velogity to dtsplacement'

write(nrG,*} * 4 rotation from N, E to R, T'

- write(nr0,*) ' 5 caloulats incident angle’
- write(nr0,*) ' 6 rotation from Z, R 1o L,H’

write(nrQ,*} ' 7- cmsscorralation Qf P-pulse (L-camp) * H’

wirite(nr0,*) 89 - escape’ -

write{nr,*) * pra\dous Ophon -; " KK'

remd(nm 4 KK

if(KiK.eq.1) - call PAHAM o
(nr0;nfv ,v2,v, hiast,dt,out plomon, ploprf

o ,.tlengwlangt,xmaxwl,ymaxw:,workafn
. azifijpar) :
- H(KKeq.2) . call FRILTRC.

LnrOyvt v2 vlmat,woﬁtﬁ,ﬁ F2, nlast dt.out.

- ,ploman, plopn,tlengt,ylangt,xmaml ymaxwi,fh;ff)

H(KK.eq.8) cak VELDIS
(e mv,womntastdt.piomompwpﬂ
- wtlengtylengtxmexwlymawiinf)

- If(KK.eq.4) call ROTRT -

L (nowv2vwork,nlast, dt.plomon,plopn,t!engt,y!angt,xmaxwl.

ymexwi,fn,az,if) -

| H{KK.eq.5) call CALCE

(v, v2 lpadt, azncde.nlast)
if{KK.eq.8) . call ROTLH

(nr0,vi v2,work,nlast, dt,plornon,pibpru,tiangt,ylengt xmaxwi

~ .ymavowi,fn, aincde, i)

f{KiK.eq.7) - call CROSS S

Anr0vi v2,v auto,work, nlast.dt, ploman,plopn tlengt,ylengt
Xraxwi,ymaxwl,fn,ff |parr)

if(KK.eq.QQ) stop .

goto1 -

end '

c***ﬁ***‘k*******##**#*******:’e***********#*************#***********

- Bubroutine Param(nro,nf,vi,v2,v,nlast,dt

.out,Plomon.PloPu tlangt,ylengt xmaxwi ymakwi w:;rk2 i T

az,ff, sparr)

cSubrnutIne reads in three camponents of the recorded event
e and the event parameters _

rea! v1 (nlast) vz(nlast);v(nlast) wodﬂ(nlast)

- Appendixtv
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reai dttlengt ylangt xmaxwl ymaxwi az
- mteger out,plomon;plopri,nro,nf, 3parr,n}ast
charactar ch*20 fn*20 ff*su L

" cSampling period = dt

dt 0.07 .

B 100 for'nat(a]

101 format(‘!x.a)
1105 format(a0)

- :cNote -each ccmponent reqwres aseparate ﬂlename:-_ S _:- S

- wnta(nro #. ENTER FILE NAME'
- read{nr0,100) fn -
wiits(hr0,101) fn
open(nf1ila = fn)

| cHead n back azlmuth and tlma dalay before start of o
. cP-wave o - _ b

3 'wnte(* *) 'Flrst f Ie entry (y/ri)
- read{nr0,100) ch :
L --rf(cheq'n)goto567 o
o write(*,*) "Enter back azimuth’
read(**) az -
owrite(* ¥y ‘Enter p-arrival timn‘
~read(**) parriv :
- wiite{nr0,*) 'az= ",z -
o wrlta(nro.*) parﬁv— .,parriv' sec'

" ccalculata the number of samples: before the P-amvai
¢ These parameters are used in other subroutlnas
' nparr S lnt(parrivldt)

E write(*, *] 'P arrival daiay = ,lparr |

. cConvert'az to radians .
C a2 - = 0,0174582%z .
' 567 continUe B .

_ cHead In three coordinatas seperataly

- c[JATA ARE READ IN SIMPLY AS A SINGLE COLUMN OF REAL NUMBEHS ONE FILE

cFOR EACH COMPONENT, . _ _ _
. write{*,*) 'Enter file coordinate’ - -
- write(*,*) 'Verical =1, N]S - 2, E}W G‘
read(**) i - .
do 6i = 1,nlast-2
S © - read(nt,*,énd=6). v(i}
. B continue. o ' '
' cﬁamove any rasidua! Ilnear trand in the data. Subrouﬂne redundant




| cwlth new top compraesion removal in BPI EXE
caﬂ trend(vlnlast-a} R :

cPla.ca verﬂcal companent in matrix \I1 NS eomponent In \Ja EW

B -2 component Inmatrix V.

' fi(ij.-eq.1) then
- do 7i=1nlast2
R AR 3 X (| “-v()
- endif N
if(il-eq.2) then
' do 8i= 1,n!a$‘t~2
o) = -
endif

338 contlrlue
' c!ose(nf)

o cCall plot functlons -

- fHileqs) then

wnte(nrO,*) 'Do \rou want tn plot se:smegrams to check P amval
~dime' - o ;
“read{nro, 100} ch _

- I(ch.eq.n') goto 999 N '

© writd(*,*) ‘Enter the iiﬂe for the graph 60 char max
~write(*,*) "Eg.: Costa Rica 12,'04[90 (KLI) Velaclty

.- read(*,105) ff -
998 ccntinua

' clnitlallse Plotaa o '
write(nr0,*) 'Define t..e output device
- write{nr0,*) moniior~1, prmter*i" '
* read(nro,*) out. . o
f{out.ne,1.and. out ne.2) goto 998 Co
 li{out:eq.1) call plots{0,plomon,plomer) -
lf(out.eq 2) cail plots(ﬁ 0, piopn) '

i = 'Verﬂcai o
- call plsel(cut,wcrkz vi ,ntast ot tlengt,ylengt,xmaxwi,ymaxwi
gm,ﬂ}‘ 0 D n') X
D 'NorthfSouth '
cali plse!(out,workE vz!nlast et tlengt,yleng’c,xmaxwi,ymaxwl
,fn 1,2,0.0,’n")
fn ='EastWest * ' '
call plsei(out,worka‘ v,nlast, cit tlengt,ylengt,xmaxwl,yma:mw
S call plot(o 0 0.0 999)
. cEnd of plotﬂng

: wrlte(* *) 'Doyou wish to changeParnva!hme 7 o S
- read{*100yeh- - .. . | e D
If(ch edq. y‘)then ST e -



5 N 3 Lo
Sk
fﬁi .
; :

4

wrlte(* *) 'Enter new arriVal time o
~read(*”) parriv . . L

. part = lm(pamvldt)

cendf

endif

999 - corftinug

. return o
- engd.

: c***ﬁkkﬁa**ﬁ**ﬁké**#ﬁ*e**wﬁ*a****t#*#i****a**é*éﬁ**ﬁ**&**ﬁ**ﬁ*%ﬁ*ﬁ T

‘Subroutine Filtpo(nrd,vi,v2,v,malwork2,Fi,F2 n!ast,dt

. .,aut,plornon,piupri tlengt,ylengt.xmaxwﬂ,ymaxwi.fn,ﬁ)

real w(nlast) w(niam},v(niast),worka(nlast) mat(z*niast)
- Integer out,ploman,plopn A _ _

real F1,F2 '
characier ch*20 fn*20 ff*ﬁﬁ '

. cThis subrouiine reads I the low and high pass pararneters .
. & of the band to be passed. Flltedng, In the frequency domain S
c is done. in sub. FJLTEFI S _ _

. wﬂte(nrﬂ,*) ‘Paramaters of iha band pass ﬁlter '
- wilte(nr0,®}' F1 < fo< F2 ' '
‘wiite(nro;*) ENTEFI Fi. Iow frequency cutoff’
read(nr,*). F1 . -
- write{nr0,*): ‘ENTEFI Fa hngh frequency cutofr‘ :
read(nrﬂ R _

. wite(nro, 101) F1 F2 '
10‘[ format{3x,'Parameters of a band pass ﬁlter 1(}), .
Sx, F1="{7.3 5x, FE'-’ 7.3} - -

cali ﬂiter(\n mat nlast, Fi, Fz dt)
' call fiter{v2,mat,rlast, F1,F2,df) - _
.- call fiter{v,mat,nlast, F1 F2 Gt
chte MAT is a 2*nlast-4 matrix needex for 1he FFI' subroutine

- 10:‘.! format(a)

105 {format(abd} ' :
' write(nrQ,*) ‘Do you want to plot seismograms
tead{nt0,100) ch - =~ _ _
if{ch.eq.’n’) goto 414 - o
- wiite(*;*) 'Enter the title of the graph' - ' =
- write(*,*) "Eg.: South Sand ls. 14/09/89 (SAN) 0. 065-0 13 Hz’ '
_raad(* 105 8 -

¢ . Initialise Plotes

998 write(nro,*) 'Defne the output device'
- wirits(ne0,*) 'monitor 1, printer=2'



read(nrO,*) out :

- T{out.ne.t.and, out.ne 2) gota 993
‘if(out.eq.1) cali plots(G, plomon,plomon]
if(csut ed, 2} nali ptats(o,o ploprl]

' "fh’—'Varﬁcal

- call plsei(out,wor*cz,vhn!aﬁt,dt tlengt yiengt,xmaxwi ymaxwl S

0, ,1,0.0,'1) )
‘fn-= "North/Seuth *

call. plsel(crm’ vierk2 va.nlast,dt ﬂengt.viengt.xmaxwl,ymmcwi

[ 1 8 ﬂ,a,o 0,'n") _ _ _
caﬂ !sei(out,wqrm,v. nlast dt,tlengt,ylengt xmaxw;.ymaxwl
fn 1,3,0,0,'r)
call plot(o 0,0, 0.999)

' 414 oontirxue
. re‘turn
and”
: c****************###**‘******#****#H*#*****n
- Subroutine Filterly,spec,nlast, F1,F2 dt)
real spac(z*nlasM) y(nlast)
real F1,F2 -
integer s

& anh mairlx is FFT"d i sub. FFT Ba.nd pass ﬁ!ter!ng :

¢ of the spactrum Is then performed in sub. BND. The fittered
e time serles ls then calculated by the inverss trangform in FFT,
. & The fime seties Is read Inte & 2*niast-4 ma’trlx SPEO with the
 cimaginary component initialised to zero. '

_ doai—-‘t niast-2 . -
o spec((E*l)-U = y{)
8 specef)=00

ccalaulate the fazward transform
s=1 _
: call fﬁ(spec.nlas*t-z.s)
cFliter the spectrum using BND .
0 callbndly,specnlast-2,ft,12,dt) - '
_ 'ccalculata the filtered time series by invarse transformlng '
I IR . y
call ﬁt(s;:ec,nlast—a 8) -
cPlace filtered signal back into the Orlgfnal ma,trix
_ do 101 = inlast2 -
10 = spec((a*i)~1a
- returmn
- and

Subroutine Fﬂ(DATA,NN lSlG‘xNi :
REAL*8 WR,WI,WPR, WP WTEMF.THE I'A

P k%




'-_*waa

.

* Thla FET subrou'lina Is taken from page 394 of the book

- % Numencal Reclpes
* The Art of Sclentific Computing

* Prags et al
* Cambridgs Universlty Press

2NN
DOBI=IN

3 DATA(I) = (1ISQRT(NN))*DATA(I)

=1

DO I=IN2

IFULGT.)THEN
TEMPR=DATA)
TEMPI=DATA(+1)
DATAW)=DATA()
DATA(J+1}-DATA(I+1)
DATA()=TEMFR -
DATA(l*+1)=TEMP|-

 ENDIF

- M=Nj2

R rr‘-; ((MB?EQ)AND (J.GTM})THEN

L Me=M2-
- GOTO1 .
 ENDIF -
C JeabM

41 - CONTINUE

MMAX==2
2 IF{N.GT. MMAX) THEN
C ISTEP=R*MMAX : '
THETA=6.2831853071 TQEQDOI(ISEN*MMAX)
WPR=-2,D0*DSIN{Q. GDD*THETA)**E :
- WPI=DSIN(THETA) - a .
WR=1.00 .
Wi=0, DD - .
DO 12 1=M,N,ISTEP
Jﬁl-kMMAX

TEMPR=SNGL(WR)*DATA() SNGL(WI)*DATA(JM)

- TEMPI-SNGL(WR)*DATA(J+1)+SNGL(W!)*DATNJ)
DATAW)=DATA()-TEMPR |
 DATAW+1)=DATA{l+1)-TEMP!
. DATA()=DATA()+TEMPR
DATA(+1)= DATA(I+1)+TEMPI

12 CONTINUE

WTEMP=WR N
WR=WR*WPR-WI*WP! +WH o
Wi=WIWPR+WTEMP*WPL-WI!

18 CONTINUE -

© MMAX=ISTEP
- @oTo2

Appendix ix
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ENDIF -
RETURN
END _
Subrcutine Bnd(x spec,n ﬂ ;fa,dt)
real x(n);spec(2*n) .
Integer fipos,i2pos,| ,j,tapeﬂ tapera temp1 temp2

_ -data plbytwo/1.5708/ - _
% This “ubroutine filters the spactrurn of the seiamogtam

- *The edges of the window take the form of a sln squarad function.
- * The favoif Is over one ooctave,

* The sampling fraquency of the data is 14 28 Hz

- sampfreq = 1.0/t : ' -
* The posiiion of the high and low fraquency cut-cﬂ positions

- * 1a caloulated here

fipos = Ink((H/sarnpireq®n)+1)
“f2pos = InY({f2/sampireqin)+1)

% The pesition of the zéro amplitude end pomts Is aatablished hare |
ok Note - fallof 1= over one octave - o :

femp?2 = int({(f2*2. Ojlsarnpfreq*nH'I)
- templ = Int{{{f1/2.0)/sampireq*n) +1)

 * Tha number of data points over which the falloff 6ccurs .
 * s caleulatad hers, These values are used to nonnaltse
: _* the falloff of the sin curve.. . .

taper? = temp2-2pos
tapert = fipostampi

_ *Gheck 10 ensure a fallof of 1 octévs oan be malntained
~ ¥ on both sides. of the window h

iftemp2.ge.n/2+1) then =~ .
write(*,*) "High frequency autoft is 100 htgh'
goto 165 _
endlt - 0 '
H{tapart Je.1) then
write(*,*) 'Low frequency cutaﬂ' is tcm fow'
goto 118
- endif

*Fiage real components into & mattht
* Nota lo conesrve memory the otiginal matrlx (say V'I) is dastroyad

* by this operatlon
do 88 i=1,n

- 88 x{) = spec((z*!)-'l) : '
“¥*Fiiter the real components by settlng the stop band amplitudas to Sl
* zero o

- de 1061»-2temp‘l _ _
106 x{f) = |
*Each discreat antry ln ihe amplttude speotrum wlihtn the
* window s now scaled by a factor of sin**2(jftaper)
=1 -
- do 112 thamm +1 f1poq '
X = *ln([*pibytwoﬂaper'l)*sin(]*plbytwoﬁapeﬂ)*x(l)

S Aﬁﬁaﬁ'dlik--x. -



o Ai:pendix xoo
g Jeie
18 | = taper2 --
' do 116 i=f2pos tempz '
o ~ x0) =sin(]*pibylv:o/tapera)*sln(l*pibyfwoftaperZ)*x(I)
REL PR 2

 do 190 =temp2iad,nf24]
120 - x{)=00

~ *Caletilate mitror image for reals
. doi22|=n24+2,n
122 0 . x() = x{nd+2) ' '
*Place real comp of fitered spectrur Into original matrix
: do128i=1,n . _
128 . spes{{2¥l}-1) = x(i]
*Place Imag comps into mattix
. do183i=1n -
188 | x{) = spec(2Hl) '
~ *Filter the Imag components (Same Iogio as ior the reals)
. H(taperi 1) goto 148
- dol42i=2templ
142 x(t)-oo -
: =1 : :
_ do1451Htamp1 +1 f1pas -
X = slnﬂ*plbmoftapeﬂ)*stnﬁ*pibytwa.ftapar1)*x(i)
145 - =]
148 j=taperz -
- do 148 I—f2pos.temp2
- 1'_ - x(l) = sln(!*plbytwo/tapura)*aln(j*pibyiwo/tapara)*x(l)
- 149 =il

o do 152 i=temp2+1 /241
162 X =00
do 183 1= n/242n
- 183 . () = x(-i2) '
: *Placa imag corp of filterad. spactrum Inta ariglnal matnx
_ do 154 =1,n .
- 184 . spea(2*) = x(i)
186 continue .
' ratum .
- ahd

' C******#**ﬁ*#*****ft*\’c**ﬂ##****##*****#1\'********i*#******#****#*#

Subroutine Veldis(aro,vi v2,v,work,niast,dt
wplomen,plopri Hengt.ylengtxmaswi,ymaxwi,fn,f)

- real vi{nlast),v2{niast),v{nlast), work{nlast)
- real ditlengtylengtxmaxwliymaxwl
integer out,plomon,plopti,nro,nlast
' charaater ch*zo, fn*20 ff*60

o This subroutine converts the velacity record to a displacemert
- ¢ record by performing numerical integration followed by least. :
‘¢ squares linear trend removal on aach compongnt. This option was never



i usecl ln the ourant study
- call integ(vi ,work,nlast-z dt)
caltfrend{vi,nlast-2)
- call integ{v2,work,niast-2,dt)
call trond(v,niast-2)
- call integ(v,work,nlast-2,dt).
call trend(v,nlast-2)
¢ Call plot sofware, -
- 100 format(a) _
- 105 format(a60) : _
- write(nr0,%)* Do you want tca plot secomp dsplacameni? (y,n)’
read{rird,100) ch - _

. Kehegmygoto 11 : '
‘write(* *} 'Enter the fitle of tha graph‘ S
write(*,*) 'Eg. Humanza 13/07/89 (BPI) Dis;:lacemant' .
mad(*flosj LI - o

¢ - Initialize Plnt 83
9 ~write(rQ,*) 'Deﬂne the autput device for piot' o
. write{nr0,*) ‘monltor out =1} prlntsr out "2' o
write(nrQ,*) "ENTER out' RO o
~ read{nr0*jout
If{outme.t.and, out.na‘a) goto9
: ff{out.eq.1) call plots(0, plomon,plomon)
g lf(out.aq 2} call plots(_o O;plopri)

fn = Verteal ' - o
call plsel(out,work.w .ﬁlast.dt tlengt,ylengt,xmmi.ymaxwl o
Anfhloomy o |
i in = 'North/South *
- oall plaai(out work,v2, nlast,dt,ttengt,ylengt xmmcwi.ymaxwi
i, #,2,0.0,'n") . _

. fn = 'EnstWest *
- oull plseifout,work,v,niast, dt,ﬂengt,ylangt xmaxwi.ymaxwi S
_-,'h'l,ffa DO, l) . o

call plot{0,0,0.0 999)
11 continus -
- refum

end

: G******#*'ﬂf*‘k***********#*****'k'k'k**#******w#***ﬁ***‘*****#*

Subrouting Integ({,Y,N,DT)

~ REAL X(N),Y(N) ' '
. © Thls {s & simple numerical integration subrottine to convert
. a the veloclly record to & displacemant raoord PR

Y{(1)=0, .

- BO1i=1,N _ _ _
o =l ' S
1 Y(Il):Y(l)+X(f)*DT+05*{X(Il)-X(I))*DT T

DO 21=1N
2 X(h=Y()
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~ RETURN
END

' c**u'**ww*********m***u*uw*****ﬁ*wmuww*ﬂ*****wm* -

Subroutine Trend(X;N)

'C Least squares linear trend remcval subrauﬁne

DIMENSION X(N)
FN--FLOAT(N) |
§=0,
O POtI=IN
1 S=S4X()
O SK=0.
DO 2i=1,N N
2 SK=8K+X()*FLOAT())
 ENNU=EN*{FN-1.)
* ANN2T=FN*(FN*FN-1.) |
C0=(2.%(2.*FN+1./*5-6 *SK)!RNM
 Ci= (12*SK8*(FN+1 S)/ANNE]
. DOEI=1,N

o ax(l)—-x(l)-oo-m*'(:::_omu)q; .
- RETURN o

- END

o O‘k****‘#*****#**#**‘##**************!\"k************#*****************

- Subroutine Rotrt
-{nrO,v2,v,work, hlast, dt piomon,ploprl tlengt,ytengt xmaxwi, :
- ymaxwiinazff) : . '
- real. vz(niast).v(nlast),wark(nlast)
' charagter ch*20,fn*20,ff*6n,ch1¥1 -
integer out plomon,plopri

oThis stbrouitine o;:erates on the NS N2) and EW (V) compnnents. S
& The user entered value of the BAC  azimuthi js used o convest .

o these comporients toradial and L neverse components. V2 hecomes
c the radial comporient whils V- becornes the hansVerse componei T A

Cdo 1 =1, nlast2
' FIR = -(v2(i)*cos(a.z)+v(i)*sin(az))
TT = -v())*cos(az) +v2(I)*sin{a.z)
va() =RR . :

- cPlot software calied here
- 100 format(a)

105 format(a60)

Wwiite(nr0.%) | . . o

" Do you want to plot H—radtal and T-transverse component? (y,n)

read(nro,1 Q0) ch

- Hcheg'njgotoil ' _

writa(*,*) ’is a new iltle raquirad for the graph’ o
" write(*,*) "Enter {y) if gmphics where not cailed in FILTEH'
read(*, 100) cht _ .
ff{ching'y’). gote @
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write(* *) ‘Entar ihe ‘utle v:ri the graph’
read(* 105) ff

e Initlallse PIotBB soﬁware

8 wnta(nro *) 'Define the output. clavice for plot’ iy
- ¥ fte{nr0;*) 'monitor out =1 ; pnnter out -2’ I
- wun(nrg,*) 'ENTER out” :
read{nrg,*)out -~
- if{out.ne.i.and.out. ne.2) goto 9 __
- H(out.eq.1) calt plots(o,plomon,ploman)
|f(out.eq 2} cali p!ots(oo,plopﬂ) e

"'fn—:'Hadlal o o
el plsel(out,work,va,nlast,dt tlengt,ylengt,xmaxwi.ymaxwl
Cangil0omy I |
S o= 'Transverae v ' ' ' -
el plsei(out, work,v,nlast dt ﬂengt,ylengt xmaml,ymaxwu .
CLinf#200m) _ _
call plot(t'l 0,0 0.999)

1 conﬂnue o
raturn
end

- G********1\‘#*********'k#*‘**********#****#*ﬁ‘***'ﬁ*****##*** .

Subroutine Calce{vl,v2, Iparr. dt aincde, np)
real vi{np)vathp)
integer time,Jloop o
real qyrz,znab, c,zz,ra 1z d;sc.raoﬂ rootz.l
: character ch1*1 L “

cThis subtoutine calculates ihe angle cf emergenca betwean L

~ cand the radial direétlon R after the method of Vinnik et al:

c (1988) which is in fact the method of Husebye et ai (1975)

- © Reference to this paper will ha\a‘a to be mads to fo!low Ioglc
- ¢ of this subroutine. o

100 format(a)

' cCalculate the numbar of data points represantatlve of the main

. o P weave arrival,

10 wilte(*,*) "Enter: tha duraﬂon tima nf tha maln P!
- write(*,®) arrival’
read{**)q - -
time = Int{gy/dt)
loop = iparr+time -

. -_c Note- the parameter IPARR was detarmined in the PAHAM subrautme
- dinitialise loop variables ics zero _ . o

22=0
=0

 oCaloufate the averages

: _' Appendixmv o
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_ 1_2 ‘continug

. dot 21 iparr,ioop :
L z@=z2 +vI()
12 = 2 + v2{jy*va{)
=1z 4 Vi (j)*v2(j)

z_ﬂaat(zﬂhmé) o
- r=float{r2/ftime)
: zr—(float(mfhma))*(ﬂoat(rzfﬁme)]

¢ _Establish wbandc for the quadra’nc fotm'uia' |

a=1,0 -
b-— -(z+r)
= {2*rzr)

| cCalcuIate the appropriate raots

Cdisc = b*b - 4*are
- if (dlsc l6.0) then :
- write{*,*) 'Discrlminant less than zero
gotu 989
_ endf
dise = sqrt(dlsc)
. rooti = (b+dnsc)f2*a
root2 = (b-disc)/2*a .
aCa!cuia:te the larger root
= imax(roott, root2)

. cUse the larger root to ca!culate the emergent angle o

Coer = sqnizr)
e z o
: -aincde =. aian(zrjl)

i -write(* *) "The angla of amergence is Lainede
- write(*,*) "Would you Iika to change the P wave duration
read(*,100) chi - _
- fi{chi.eq.y) goto 10
~write(*,*} 'Enter aincde’ -
. read(* *) alncde L

999 cmntmue |
end

c****'k********’#*'A'******'ﬁ*1&****'#********i***********&**'ﬁ***i\‘******?c*

- Subroutine Rotth
(nro vi,v2,werk, nlast, di plomon,ploprl ﬂengt ylengt xmaxwh o
ymaxwi,in,aincde, ) : §
real vi(niast) va(nlast),work(nlast) S
character ch*20,in*20,ff*60, ch1*1, nasiel 1*’1 2 -
zntagar out ploman,plepn -

cThls subroutine nperates on the Vertlcal (Vﬂ and radial components -

& {V2) and converts them to a component In she princlpat direction L

¢ and to a. component fransverse to this HH. In theory the HH comiponent -+
¢ should only contain Sv energy. The L component Is stored In Vi while the |
¢ HH component is stored in V2. Tha emergent angle 'a'is caiculated L




s in subroutme GALGE
.. e =dncde

da 1 I=1,nfast2 ' T
“HH - VEQﬁ*sin(e)-ﬂ (i]*cos(e) R
- BAL = v1(1)*sm(e)+v2(|)*cos(e)'_-' SRR
w(t)—am_

v2(1)=HH

| cPromsion is now rnade to plot tba graphs on the screen

400 format(a)
_ 105 fo‘rmat(aBO)

Wrrte(nro *)
! do you want to plot L-radlai and H comp? (y,n)
read(anJOOJ ch -

' if(cheq n'}gotoﬁ. .

write(*, *) ’Is & new title requirad for ihe graph' |

o write(,*). ‘Eniter (y) if graph;cs whare not cailad in FlL'{‘EF{’ .

_read(*100) . chi.

. ifhlmey)gotos
 write(*,*) *Enter tha titte of the graph' :

tead(*,105) f

.clnltiaiisa the plataa saﬁware e
-9 write(nr0,*) “Define the outpit dewce for p!ot‘
. wiite(nrG,*) ‘monitor out =1 ; printer out —2 '

writa{nr0,*) "ENTER- out’
read{nd Fjout
lf{out.ne.1.arid.out.ne.2) goto 9

' fffout.eq.1) call plots(0,plomon, plomon)

if(cut eq. 2) ca!l plots(o 0 ploprl)

N = 'L-Gcmponent ’

- oal plsel(outworkvt,nlast dt ﬂengt,ytengt,xmam.ymaxwi |
in,,1,0,0,n") o
- fn= ’H»Gomponent '

call plsei(out,work,v2 nlasi.dt tiengt,ylengt,xmaxwi,ymaxwl

2,00
call plot(0.0, 00999)
11 contlnue : :

ratum

end

: c‘kﬁ***** ***&******** *HhE ******w *****ﬁ kddidiik ******#*****

Subroutine Oross

(0w V2, v auto work,niaét,dt. plomon plopn ﬂengt,ylengt, -

Xmesowl,ymaxwidn fijpam) -
real vi{ntast),v2(nlast),v(niest),cuto(nlast) .wark(nlast)

- character nh*20 fn*zo fi*60, gsta-kgo ch1*1 ch2*1 name1*2o"_'- o e
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4 v(]) ' _ P .
o cWrIte Ls autocorre!atlon back lnto the me:trlx \H noting the auto- o

Integar out plomon plopri

cThls subroutina calculatas the standerdlzed H component lt

o stfectively caloulates the cross correlation of the H and L

.- c compenents, nannalused wtth respect t;a the energy of the L
'ccomponant Tl _ S

- writa(nro *) ’ENTEH Ienght of P~pul$e ‘goc’ -
read(nrg,*) pleng -~ . ¢ _

- ipleng = tnt(p!eng!dt) + 1 .
.wrlte(nro,*) Iplang:‘,lpleng,’iparrﬂ ,nparr

o cCalcuIate the energy ufthe L component

- snovm =00
do 1 | =iparr, !parr+ipleng 1 .
1_- snorm = v1(i) vi(i). +s_nor_m N B '

B cCaquIata ’tha nonnallsed ﬁross correlahon of the L and H components

_ ﬂo 2 j 1 niast-z-lpleng+1
g =00
sZmDD o L SR
do .3 I“Iparr,lparr-i-iptengq SN

s s v2{idpanvi{) + 5 -
3 . s2= v1(i+]-|parr}*v1(l) + 52

_ Wod((j)-—szfsnorm S _
2 V(j) —slsnorm R

da 4 i -nlast—2-nplang+2 nlast~2
o work(j)-o e

ooorrelatxon peak position.
_ do 10 I=1,nlast-2
_10. S | -Work(i)
©Lmaxs=vi(1)
mmmn=1" = '
do 5 I=iparr-50, iparr+lpleng
if(vi{).ge. Lrnax) then
Lmax=vi (i) _
mmms=]

8. endt

- write(¥,*) L - component maximum at’, mmm
oCall plet soﬁware . _

100 fannat(a)- L
105 format(aB0) =

 wite(ro)

P



o g Do you want ’m plot a HH— c:omponent ? (y.n)’
- read(nro,‘l 00} ch. _
- li(eh, eq. ) goto 11

. erte(* *) s & new thle. requlred jor the graph'

write(*,*) 'Enter (y) if grus-hlns where rot called It FILTEH' - L

 read(*,100)  cht

'_".ﬁ(chine’y)gotos‘ o ' :
- write(®,*) "Enter the title of the graph’ _
' raad(*,‘l 05) fr .

e Initialize Plotss | -
9 wrlte{nr0,*) 'E}eﬂne ihe output devlce for plot'

- write{nr0,*) “moniior out =1 ; printer out =2 '
- write{nr0,*} ’ENTEB__cut'- o I

o read(nr0,”) out”

H{outne.t and.outrad) gotod
if(out.eq, 1} call pluts{0,pioron,plomon)
lf(out €q,2) call plqte(n 0 ploprl)

= Gamponent a '
- pall plsel(out,work v,ntast dt; tiengt,yiengt,:tmaxwi.ymaxwl
: .,fn #t,2,ymax,ch2) .- .
1 = "L Component - '
cail plsei{out,workvi .nlast dt,tlengt,ylangt,xmaxwi ymaxwi
- ot 1, yma,ch2) .
~ call plot{0.0,00 999}

, cPrnvision is made at thls staga to write out tha required H a,nd L
- © componenis. -
¢The auto-correlation maxlmum of the L component wil! be at & fime-
- o given by mmm. The following algorithm shifts the H-component
- & matrix so.that ali arrivals reigtive to this time wili be relative _
. g'io amatrixaddress of 200 of 14 seccnds (e, L(rnmm) Is shifted to
- & L{200) wih & corraspondlng shift inH) _ :
11 wrtte(ng,®}

.’ Do you want to save the HH-wmponani ? (y.n)'
read(nrﬂd 00) ch '
n‘(ch 69.'n') go to 12

Iii—*zoo-mmm _ _
o do 400 i=1,nlast - .
S work()=vi)

- 400 auto'(i)f:v(i)-' _

lf (k. ge,O) then - '
‘do 401 =1, niast-ill -
L - (i) =work(l) -
' 401 . v{i-+ii) --auto(')
do 402 j=1 ,lil : .
- v1(i]==00 -

. Appendialil




42 V() =00

do 403 l=nlastli+1 ,nlast-2
y T i)=0.0
408 - V(=00
- endif . S
if {i.16.0) then
==t '
_ do404|-—]]]+1 nlast-2 e
Cvi(iiiy=work()
404 . v(|+ii|)==auto(|) .
. de 405 =1 ,Jll _
405 =00
~ . do 406 I=nlast-2-+il,nlast-2 -
S viy=00
408 v(l)*-*()o '

_ endif .- : )
140 farmat(f&SSxﬂos)
_v1(nias‘t-1)—mmm '

. write{nr0,*) “ENTER FILE NAME H seismogram B
j read(nrﬂ,100) ista. o _
- open(2file = fsta) .
. writa(2,140) (i*0.07 v(l).u—1 nlast-z)
' closa(.?) _

- write(nrﬂ,*) ENTEF{ FILE NAME L saismogram
read(nr0,100) fsta =~ - . :
open(2,fila = fsta) .
write(2,140) (s*c OT,V'I (I) |—-1 nlastw‘l)
~ close(?). : .

- 12 centinue
returni
end

c#'k******************#****l\'**ﬁ'**'A"k'A'*****#*5\'**ﬁ***#***ﬁ***ﬂ*****#**

Subroutine Plsei{outx,y,n,di; tiengt,ylengt, Xmaxwl,ymami
«in, 1t jil delta,chdelt) _
- real dt,tlengt,ylengt.xmaxwi,ymwi deita
real x{n),y{n) - N
integer out,jjl,n : |
character takst*T 3 fn*20 ﬁ*SO chdelt* 1

cThis subroutine miﬂallsss and plats the graphs requlred at

¢ vatlous places In the main program, Use is made of the PLOTBS

¢ and DRIVESS librarles which must be declared at complie time,

- ¢ Obvioug'v the program can be run without an on screen graph ever

¢ being called, Thus this subroutine is seperate from the main program
¢ and no attempt wi}l be made ta comment on it In any deteul here -
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: _._.fkt-——o_. _
dts=dt -

e Hard copy rout:nes wera writien for original ancleni' IBM type
o printers, They should work provided inttlalizat[on s performed
e correc:tly in FILQ!\‘ FOH o L

- ine =1 o
. H{out.eq.2) tiengt-e :
- i{out.eq.2) viengt=2
doil=1,n2 .
' x(f) dt*(l-'!)
x(n-1y=x(3) L
o) = tx(n—z)—xm)/tlenstr

g 'if(]][ qu) then Co

: tekst="TI| ME sec’
clse tekst=" ..~ '
andif - T

st=10,

3 dis = dts*st

K=kt+t
- .-if(dtsgt1)goto4
Tgoted

kt=kt-2 - R
if(ktgt2)then
L W=kt2
L fekst= 'TIME rnsen
endif
ii{out.eq. 1) ymaxwl—“lz*ymaxwi
calt window(0.,0. ,xmwl,ymamﬂ)

cRedefine a new orgin

plonet =1 4*ylangt*(jj]—1) + 1 5 '_

li{out.eq.1) call plot(2,5,plonet,-3)

plone2 = 8.3/2 *ylengt*(jjj-1) +1.4

- ff{out.eq.2) call plnt(plcﬂez,(}.‘? aS)
gweri=3.8

call symbol{0.4 ylengt-0. 1 0. S,ff 0 50)

.' cPlat the graphs

i{outeq.t) call staxls(0.25,0.3,0.2, 0.2, K -
 if(outeq.2) call staxis{0.11,0.2,0. 2,0 25,kt)
call scale(y,ylengt,n-z ihe) ~
- if{chdelt.eq.'y") y{n) = delta .
if{chdelt.eq.y’) y(n-1) = -y(n)
~ iffout.eq.1)
-call axis(0.0,0. 0, tekst ~13,tlenigt,0. ,x(n 1),x(n))

. if{outeq.2) . o
.call axls(ylangt 0.0 takst ~1 3 tlengt 90 .x(n-1 ),x(n)) o

ndeca = 1
i{abs(y{n-1)).'e,0.01) ndaca-2
if(out,eq.1) call staxis(0.22,0.8,0.3,0. 25,ndeca)
lf(out eq 2) call staXIS(O 11 0 2,02,0.25 ndeca)

e
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hppendiosd

rf(out A) '
Joall axxs(o Q, 0. ,fn,13,yleng‘t.90 ,y(n-ﬂ,y (n))
if{out.eq.2).

cal axls(ylengt,o otn 13,ylengt,1 80, ,y(n—1).y(n)) -

H{cut. eq 1) call lme(x,y,n-z ine,0 0)
if{out.eq:2) then .
do 41 j=1,n-2

4=y

call Ilne(y,x.n-2 inc,o 0)
do42i=i,n2 . .

42 YO =-¥0.

_retur_n

"""en.:l'

. c‘k‘k*'k*'ﬁ'*******#**#‘kR'A"ﬂ'*****ﬁ*********#ﬁ***##*! ****ﬁ'

Program Tps -
*A program to calculate tha fime lntewai betwaen. p and psv arrivals '

o  * with the angle of emergence &" the base of the rrust a user entered _
* parameter, Velocities are based on the laspd! wiodel from the 1881
~* 'aSPE| Selemological Tables. The depth correspondiﬁg to e

* .natrlx element {is 1*10.0 km. _ _

o real x.a,myp:daltamamng,arigang,dum duri2 o '
‘real pve 100),svel(1 Uﬁ),vpint(‘l 00),vaint(1m),tlme(1 00) temp(wn)
integ&." -

© character name*?a
100 formai(a) .
*Read in incldent angle at the base of the crust

- 13 write{(*,*) 'Enter the incldent angle at the. nase or the ctuad In )

dagrees. Enter 0, to exit program '
read(**) hewang . :
newang=newang-.01 74633
© i (newang.eq.0.) stop
write(*,*) "Enter the output filename’
read(¥,100) name -
opan(20,fle = name} -
* Earth s radius (a) = 8471km
* Radial distance (frc.a the earth’s surfaca) = 10, ﬂ
* Caiculate the ve{ocﬂy modal _
- a=8371.0
Cdo9r =1 2
o pusll =58
9 - avell)~ 888
- pvel(@) = ee =
svel(3) =875
do15r—412 o e
= (a-r*10.0)/a -
~pvel(t) = 8.7654 - 0. 7495*‘:( .
svel(r) = 6, 7062 - 2 "“486*:( 3

vkl
s 1]



T e S e i R

' xn{a—r*‘l{i 0)[a :
S pelny = 254139-176972*:;
16 ¢ svell) = .wsoz 1 2742*::
o _._"--do17'r'~22,41 _
- (aur*TOG)la e
S - pyel{r) = 80.7876 - 232541*:( R
N | A svel(r) -15 2421 11 0855*:( -
x...-.[a-r"‘lﬂﬁ)fh
SRR pval(s) =2saaag 21.4065*x. :
- svel(r)—'i??ﬂi’s 135065*%
cE o _:.'d921r-*6776 : o :
R C x=(a4*10.0)/a . o
o pvel(r) = 25,9608 - 169341*3:-' L
L 21 o svel(r) - 20,7686 ~ 16,5314 -
 *Calpllate the travel ime along the ray path for an angla Lo
- * of 04567 at the base of the crust. This corresponds o an ep;cantrai
- * distance of 67 deg (Menaheni and Singh p482). The process Is then
* repeated for the user defined base of crust. '
_ ongang-—() 4567 ’
deltar=10,
do ;—0 76 .
| Vplﬂt(i)“ﬂ
_vsint(i)mo
tlmE(l)=£L .

- . enddo o '

o aypmsih(arfgang)*{a-tbo )ipvel(4)

Sy dor=1,78 o

L dumssqr( Jsvel(r2, (ravpfca-r*wn**a)*de!tar_ |

e ' Lo yaint(ry=vsint(r-1) +dumt -

' o -dum2ssqri{1./pvei{r)**2. (raypl(a—r*w)]**e ‘*deltar

T vptnt(r)m\:pint(rﬂ)wumz

W - enddo . R

' o dor=1 76 o

e ternp(r) —-vsint(r)-Vplnt(r)
- enddo _ _

rayp—sin(newang]*(a-dl-o )Ip\rel(4)
-~ to 1,76 - P
- dum1=sqgr( Isvel(r)**z (rayp/(a-r*‘lo ])**2 )*deltar
veint(r)=vsint{r-1)+dumt
dum2=scrt(1./pvel{r} **2.- (raypl(a-r*w )}**2 )*deltar
_ vpint(r} —vat(r-1)+durn2 _
~enddo - L _
dor=1,76 -
. time(r}=vslnt(r]~vpint{r}-temp(r)
0 endde
- 86  format{i4,3x,18.8)
o doB5r= 0764



e clcsse(zc» -
-~ goto 13
*#****#**u**ﬁ'*##**'#***'A'*#****#1\'&"k***#***#ﬁ‘******#****#**ﬁ*************
_ Program Postack o -
.- *Aprogramto deia.y and suny many setsmic traces ior a singia

* statmn
| parameter (nlast = 1850 ndepth—za nseh—-'lo)

- reai tdelay(nsels,ndapm) i (nlast) ,v(nseis.nlast),
- work(n%astmm,v?(nlastmo)
0 real dtavg
common ItempTNJtempzﬁdelaym wotk
~ integer plomon,plopt,out,i|knse tlme,points o
T - character®12 namet{nsels),hame2(nsais), hst1*12(isu*12
e . character ch1*3 ch2*2,ch3*5,ch8*8 res*1,fn*20, ﬂ*60 '

. *constants for plotBB The name nomenclature as. used in FILOH
S *isused here, - _
%t *Number of monitor = plamon, aummber of printer = plopt,
el L det| plomonfgif.pfoprVSI.Xmaxvsz 0/ymaxwuf12 0/

Lil data ﬂangthB Of.y{engtfs O} _

cha— e

: -_*Deﬁne the samp!mg peﬂod
dt 007 B

"m format(ig) -
100 tormat(a)

i 101 format{iB.3)y -
i ' 102 format(18x,f10.3) _
R . 104 format(fd.3, 288 - - .
o - 105 format(10x,i8.8)

- 106 format(aco)

107 format{al?)
108 format(mfs 3

write(*,*) ‘Do you w-sh to go stralght to graphucs
read(*,100) res -
i(res.eq.'y") goto 145 . o

wnte(* *) "Enter the station name eg. BPI' '
read(*,100)chl. :
- write(*,*) 'Enter the name of tha H-comp file fist’
re~(*,107) listi
open200,file = isty) = - '
wiite(*,*)."Enter the name of the tlme—deiay file list’
read(*,107) lst2. N

" open(201 file = llst:?.) o

*Entar the number of seismograma '



wrrte(* *) ’How many seismograrns are to be siackad' -
: read(* *) nsa R

" *Enter the H component sa;smogmm data These ﬁles are generated In : o

* program FILON. All data are aiucked relative to an engm comcidmg

_ . *with amatdxaddmssj = 200.

‘do 30 i-—~1,nsa ' Lo
L wrlte(™,*) 'Entaring seismogram ﬁlename .z S
0 read(200,100) namel(y
.30 wﬂte(* 1 Q0) nama1(i) _
- close(200) ' -
' *Enter the name of the time delay fﬂes Note thase files must be
* entered in an-order $o that ‘they con’espond with the respectlve
¥ gelsmogram . . _
. dod40i=inse | o
. write(*%) 'Enterlng tlme.\-delay file A
S - read(201,100) name2(i) '
40 ita(* 100) nameZ(i)
ciose(201) L

- *Head in the two datasets ' ' :
B '-'_*The stacked H companent seismograms- S
: do 80i=1;nse -
. open{ifiles nameT (l))
do 55 j=1,nlast2

88 R read{z,‘lﬂ?} v(l,j)
© 80 - close{i) |
~ * and the time delays . '
‘do 60 f=1,nee

L openifile = namgg(m
T . do 65 j==1 ndepth o

.80 close(l)

o writet) ’Datalnput comple’te S

*bonvert the time delays to data point delays o
. Ga70i=1,nse . N R

do 751-1 ndepth SR -
B - S tde!ay(f-.{)' = (tdelay(i,])/dt)‘.__' '
70 continua o '

*Caloulate the average to normalisa the weight of aach seismogram_
write(*,*} 'Stacking commeticed’. - _
_ - avg = 1/fioat{nse) : '
. *Depth stacking Is performed fora nurnber of trial phasing depths‘ :
do 80 j=1,ndepth. .- '
- write{ch2, 10) (i-1)*4
“ch8=chi/fch2
write(*,100) ch3. -
_ dcs 781=1,nlast-2 _
R - vi(l)uoo E



| 3 7 Appendixsoy .
do 90}—1 nse e B
. time = mt(tdelny(] '))
. do 116 k-P.OO nlast-200 =
110, vi(k-'IQS) = v(;,k-i-‘tlma)*avg +v1{k 199) :
"_90__ canﬁnue S
S : ppeniifle = chﬂ}
- write(l,'(8)) 2 S
do 120 k=1, nlast—400 o
S Cott=(R)E007
12@.-._---__ wﬂte(ﬁ%}ﬁﬂ(k)
oo o o closedly L
' 80- canﬂnua e

TS

B *Gmphimappliuaﬂons Tl T
o 145 writa{*,*} 'Doyou wlsh for graphics ouiput ofoneof‘ e
~write(*,*) ‘the ﬁlas ,y(es} or n(o) R o
o read(*,100} rez -~ " T
- H(ras,ne.y",and.res.he, n‘) goto 145
Lo H{resennY goto 500 g
= 150 write{*,*) 'Enter filename’
dee 0 T reed(f100) eh8
D open(soﬁ!e = oha)

L do 160 f=1, nlale‘:E
180 read(sowﬁ) V'Eu)

S wnte(* *} 'Enterthe tltla of the graph‘ S
U read(%106) f
b S - . fo=chBflehs .
4o - 185 write(*,*) 'Deime the output monltor T
P Lo _.write(**)'Manltor— ,plbttar*—z’ i
read(* *) out LT
' if{out. na1 and out, ne.2) goto 186
* H{out.eq.1) call plots(O.pIomon.pIomon) _
If(out eq 2) call plats(o 0 plopn) -

po!nts—~nlast—400

call ptsel(out,work, polnts,dt tlengt ylangt,xrnaml ymaxWi.
Infi,1,00 )
oall plot(0.0,0 0,999)

- 170 _wrlte(* *) 'Do. you wish to piot anoiher flle- y.n}
- read(*, ‘IOD} res . _
if(res.ne.'y".and.res. ne. n)gotu 170
iffres.eq.'y’) goto 150 - ' _

lf(res ed. _n‘) gq’te 800
__'3-500' continve - .




- c#****#*ﬁ*t**#**#**ﬂ**#***ﬁ*k*#***ﬁ******************#*******ﬁkﬂ*

. Program Selsgraf2 Ly

ol . SEISGRAF .

whE Setsmlc Plotting Program. ; Cbmmlsslaned by De Beqrs
CoEkE ti) G HJ Gcopar(%@) June‘soqs " |

c(%@) Modnﬁed by P A Cattarmole o be compatlbla w:th em _'3

© requirements of the cun'ent study o

$STORAGE.2

- *This program disp!ays the output of ihe LF' HE aﬂd Flf ﬂles

- *generated by the program which performs P-8 conversions. - .
- *Any other set of files may be displayed provided that all the files - S
“ Yin a set are of ti'la same Iengih (not exoeeding 1500 pomts) and in the _

*ccrrect férmat

_ lntegar Gpt:on.Npts(zoj Tracn.Noncaa

- integer Sport,Smodel, Prport,Prmodel Plport leedel
. Character Header{20)*3 = - _
- Character*! Str1 = .

- _-_chical Presant '

* Common NeTraces,pr Header = | '
Comman [Device/ Sport,Smodel, Prport,Prmodei Plport leodel

C Haad in hardware configuretion e
*The file SGRAF.CFG: must be present when SalsgH?2 Ig run. This ﬁle L
 *gontaing the sreen and printer conf“guratlons for Plotsa
-4 fOrmat(132xi32xia.2xi32x132x13)

Open(?,FlIe-’Sgraf Gfg ) ' _
- Read(7,4) Sport;Smodel, Prport,Prmadal Plport,leodei

L wiite(*,4) spor’t smodel,prport prmodel,plport,plmodel

Close(?] _ _ _ :

1 wrrte(* *) 'Dptlcnaare

- wiite{*,*) '1 - Read in data’ -
- wilte{*,%) '2 - Onscreen plot:
write(*,*) °3 - Hard Copy’
write{*,*) 4 - Exit' a
“write(*,*) 'Enter option’
_read(* *) optlon B

a 'lf(bptton eq. 1) call dataread _
- If(option,eq,2} calt screenplot
- if(optlon.eq.) call hardeopy -
: lf(optlon eq. 4) STOP _

gota 1
end

' ***ﬁ**#*ﬁ*#***#**ﬁ**#********ﬁ**ﬂ******i****#*#***#**#*****ﬂ**#** '

Subrouﬁne Dataﬁead

 Appendioot -

PPy eyt A i

bt L




E Intageerts(zoj,TraoeN NaTraces . S TP RPN
I R - {haracter Header{20)*3 FileName*15, Str1*1 r:ame1*15 I |
W Real Time{zmsoo) Amp(20.1500) ST

o __Lc-glcal Present ,

- '_Common No‘l’races Npts Haader o
- Commen X/ Time. - R
: -Common IY/ Arnp

4
1
3
!

. *inthis subroutme the data is readt Into the prograrn The fethat S
- *will be accorded to each graph is the same as the filename. Achack_- D :
' *TOUﬂi‘le s included to ensure that 1ha file to be read it exists AR .

L i
e r—r———

wrlte(* 4  READ N smswc DATA*
' 5 - wnite(*,*) ‘Enter the. 'Iilaname oontaining ihe records to plc-t‘
- read(*,'(a)’) namet - .
: open(200 file= nameﬂ

e

e

B read{* ‘*) NuTraces R

- _'Do Tracem‘i NoTraces
_-wrtte(**)traca S S o S N
Creed(200/(@)flename o
o -InquIre(Fiie“-Fllename,E)dst-"Presant) L T
- [f (PresentEqv..False.) then - g
-wrﬁa(**)Wamlng noﬂ[eofthatnamafnund' T
S Gotes | R

o -wrﬁe{* 1“t) ’Raading irt the data; .
AR . Header(Trace) = Fllename -~ -
T 'Dpen(BFlle*Fllaname) R
| © . Read(,'(s)") Header(Trace)
- - wite(®,"{a)"} Header(’l' race)

10 Farmat(A) o
N=0

_ 20 !f (Eof(a) Eqv ‘=a1sa ) then

Re.ad(s JErr=25, End==25) Timerrrace,N),Amp(Trace,N)- S 1
 Goto20 | | S - g }

Endif - .~ o o o SR ¢

2% Contirue S TR

N“N*’i

write(* *)N s A |
: Np%s('l‘ra..:e)-N S o T
: Enddo_i B T o

C|ose(zm)




c Ré’turn
- End

: .Subroutlne ScreenPlot L

s lntegar Npts(20) Trace,NnTraces R
- Integer Sport,Smodel,Prport,Prmodel Hport,leodel o
- Character Heade!(20)*3,X#20 '
Real MinX,MinY,MaxX, MaxY Langth Helght
Real :oc(20),yy(20),zz(20) o
Real Tlme(20,1 500) Arrlp(20 1 500) TempT(‘I 500) TempA(1 500)

Oommon Ntﬁ'races Npts Header -
Common X Time :
- Common JY/ Amp - _
Common /Temp/ TempT TempA -
: B Common {Device/ Sport, Smodel Prport Prmodal Plport,PImodei
- 10 - format{a) .
K If(SportEqQ?)thar - IEQa _
© MinX=08 -
MinY=0.6 - ~
S -:Leng_th_=8_.2__
- -Helght=6.4"
- MaxX=9.4
C MaxY=7.5" "
7 Elsa (Sport.Eq 99) then IGga -
:Lanq; 69
anX=_O.6 -
‘MinY=0.6
MaxX=8,0
Mexy=69 .
Else .- .. . 1Hge
MinX=06 =
-MinY=06
Length=7,2
Height=4.5 -
MaxX=8.25 =
Max¥=5.45
End ; S

*This subrouﬂne pmduces a rough copy of. the graphs on the screen.’

© Appenditowilf.

| *It Is here that the spacing between each graph and axis scale shoulcl . -

*he determined.”
*E- tor the spaeing betwaen each graph
C*NOTEN

*The spacing betwaen each graph also determlnes the Y axis Iength of

*each graph, Only a limited number of graphs can be prodUced ‘on an
*A4 sheet, Hence If two graph sets (on seperate pleces) of paper are
*to be compared directly it is vital that the spacing and scaling
*actors used are the same for each set. -



i
A
;':[

R N _J ; sy’ SR s st et P e e e e e B

. o , . o ) . Appendix xdx
: wnte(* *) ‘Enter the spacing betWeen each graph T e T
7 writef®, ) 'Values between 0, 25 and 1. 0 are. recommended '
~ read{*,*) space . . . o
‘wite(*,*) "Calling piots’
- Gall Plots{0,Sport, Smodel} =~ /
- wrlte(* *) 'P!cts called * ,spcrt emcdel

' *The absolute difference betWeen the maximurn and minimurn amplﬁude
*or each graph is calculated for scaling purpcses. o A

do Trace-—1 JMNoTraces -
' xx(Trace}=Amp(J' race.'l)
. yy(Trace)=Amp(T) race,1) |
 doi=1 Npts(Trace) '
if(Amp(Trace,l) g‘Lxx(Trace]) ’then
s (T raoe}*-Amp(Trace 0
gndif . - e
1f(Amp(Trace,|) ftyy(T: face))then I
yy(Trace)—Amp{Trace 1) L
endlf .
end de
_ end dc

-do Tmce-1 NoTraces o
' zz{Tyace) -xx(Trace) vy (trace)
~write(*,*) Trece,zz(trace)
enddo.-

'_'*The :use} can scale the Y axls using any graph The ecallng factor for
- *ali H,A and L component graphs will always be approximately the same., Lo
. *All other graphs Y- axes will ba scaled relative the values entered, -

*Once again these values should be kept the same if other graphs . L

*produced on a different sheet of paper are to be compared

T write(*, *) "Scale wlth Trace?’
. . read(“',*)] .
- write(,*) |-
T o 1= Npts(j)
TempA(l) = Amp(j,i)
: cendde o
Wrrte(* *) *Entering scale’ -
. call Scals(TempA,space*2,Npts(j),1) .
. ca!! Scale(i‘emp'i' Length,NptsU),1)

FIrst:TempA(Npts(l) +1)

. Delta=TempA({Npis{i) +2)
- Frist=TempT(Npts{jj+1} -
' Det!a—TempT(Npts(j}+2)

'wrtte(* *) ’F‘rst = De!ta”:*
- wrlte(*,*) first,delta -+ :
_ wnte(* *) ’Enter your f' :st and delta‘ S



read{* *} ﬁrsf delta -

Do Traca 1Nu’l‘races _
' do =1 Np'ts(Traoe) :
-~ TempA(l)=Amp{T race,l)
TempT(I)—Tlme(TraceJ)
'end do . o
' TempA(Npts(Trace)Hpﬂrst
. TempA(npts(Trace)+2)=Delta . ..
- TempT{npts(Trace)+1}=200 -
TempT(npts(T race)—t-z) —'1 75

o 'aaaﬁlaat(‘i‘race)-cs

7 ifgtrace.eq.1) then
. Call Plot{0.8,228,3)
Y= s
.ca113tax1s(o1o1o1om 1) |
7 Call AXis{0; OOOXI,-‘IDLengthOO-zOUT? 5)
- else
el plot{ﬁﬂspace,-a)

. .Cali Staxis(—01201501 -001)

. Call Axis(0.0,0.0Header(Trace),3,1.0,90.0irst delta)

- Call Line(TempT TempA,Npts(Traca} 1 0,0}
End Dn S

cail Plot(0.0,0.0 Jgg)
: Retum -

- _End

| "__'Subroutine HardGopy

- 'Integer Npis(aoj,'f‘race Ic:pcrt,HmodeI NoT races -
- Integer Sport,Smodel,Prport, Prmodel P!port Plmodel-
Character Header{20j*3,chr*20

 Real MinX,MinY,MaxX;MaxY,Length 'spaae,;oc(eo;,yy(ao),zz(zo)

" Real Time(20,1500), Amp(20,1500)

o Heal TempT(‘iﬁnﬂ) TempA(iSOO)

Commion NoTracas,Npm Header '
Common /X/ Time' . . - 2
Common Y/ Amp

- Common [Temp/ Tefin TEﬂ‘IpA ' R
e Oornmon [Device/ Sport, Smodei,Prport.PrmodeI Plport,leodel L

write(* 5 ’Prlnter output’

wrﬁa(* *) 'Pnnter options must ba satin the SGRAF, CFG ﬂle 3 s

- Appendxx



If (F'r Eq 1)1hen i_.Prlnter-q:Utpuf_, c
- loport=PrPort - IR
Hrnodaf PrModeI
' -de}(—QS

. MinX=08
| ';_va-os |
Hse . |Plotteroutput
- MinX=0.6 ST

- "MinY=06 = -
~loport=PiPort
- Hmodel= PlModel
' f'MaxY—QS o

Ma.x)(—'—'s 5
.End If

1
T
Ly
L1
)
ad

_.wdta(*,*) “Enter the spaoing between sach graph - L
“write(*,*) 'Vaiues befween 0. 25 and 1.0 are recommended R
_read(* *) spaoa .

- ca!{ Flats(o Ioport Hmodel)

' cal Slmplx
.DeitaY

doTrace-1NoTracaa S ik
A S e :o{(]‘race)—Amp(Trace.'I)
S S warace) -Amp(‘l‘raced) o
' do I-— 1.Npts(Trace) = _ L
. if(Amp(Trace,i) gt;xx(‘l' raee)] then e
.. x(Trace) -Amp('r race,i) .
endif -
if(Amp(T raca,i) i W(T race)) then .
(Traca)-Amp(Traca,i) S
A Cendif .
- end do '
~ end do

do Trace-—-1 NoTrEces o
zz{Trace)=xx(Tracs) yy{trace)
* write{* *) Trace zz{trace)
~ - . enddo -
wrlte(* *) 'Scale with Traca?'
read(**)} -
- write{*,*) j :
O dol={ Npts(])
TempA(l) = Amp(IJ)
- TempT(i) = Time(j,i)
- enddo




s
.I.‘Y.
'E
‘¢

L

o 'cau Scaie(TampA,spaoe*aO Npts(j) 1)
-~ call Scaie(TempT 8.5 Npts(}]ﬂ)

[ - NIFPENS JOETRELESEAS AEAINPE 5 ST R M P : o B T s

o FlrstmTempA(Np’as([)H |
- Delta=TempA(Npts(}+2)
 Frist=TempT(Npis{)+1) =
- 'Detla=TempT(Npts()) +2)

write(*,*} 'First = Da_r_ia =t

. write() firstdelta SR
C write(®,*} ‘Enter yourﬂrst and dalta T
read(* ) ﬁrst delis. :

 Gall Pfot(MaxX—O 5,0.5 -3)
~ghr=' - -

' -'Gazlsmis(nwmwm 1)

Call Axis{0.0,0.0,chr,-10, Length 91‘) O frist daﬁa)

~ Call Pipt(-space,0.0,8)

‘Do Traca—‘l NQTraces o
o do 1-1 Npts(Trace)

TempA{l)=-Amp(T| race,i]
: TempT(i)-—Tirre(Trace,i)
. enddo _
o TempA(Npts(TraceHi)—ﬁrst
. TempA(npts{Trace)+2)=Delta -
. TempT{(npts{Trace}+1)=Frist
- TempT(np’ts(Trace)+2) Detla.

" call Plo’;( spaca,ao-a) IR S
- Call Symbol{gpace*0.45,0.0,0. 1 Header(Trace),QO 0,15)

Call $taxis(-0.12,0.15,0.1,-0.0,1)

" Call Axis{0.0,2.0,cht,<10,1.0,0.0,first, delte)

Call Line(T: ernpA T empT Npts(T race) 1 0 0)

- EndDo - .

' Gall Plot(C.0, 0 0 999)
HBtUrn _
End

c#*****#**********************#*******‘P‘****** )

Program Stk467

cA program {o stack stackéd records generated using program p::-stack '.
 real depth(2000) data(zooo 5),ans(2000)

real tmp

integer dpos -~ _
character*12 name(S) ' ' '
write(*,*) "How many stack!ed ﬁelsmograms do yau w:sh o stack'
O oread{**)n :
© - wrlte(*,*) *Enter', n, seisrrogram riames'

openi{10, ﬂle-’stac!c out’.status— unknown') '

Sdoi=in

o read(* @) name(i)

R Appenduc ool



L open(i,iﬁe-name(i) staius- unknnwn’) TR T T

© o enddo o R L |
R - “ e

- gdpos -the phasing depth being staoked Ttusisappended at th@ beglnnmg Of‘MQ ﬂln in <.
':-Gpcstack _ _ . _ L

o " read(i*) dpos . o

_-doj 12000 -

DR  read(i,* ,eud—QBS)depth(]) data(;,l)

S '."'snddo ST _
1< . continue

_averaga each autput irace
do 1-1 2000" - :

*mP—O S
doiu1n o
R tmp-tmp+data(|,
- enddo AR '
ms{l)*-fmp/n

,.{itl») )dpos i
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